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ABSTRACT 
Power take-off (PTO) drivelines are a commonly recognized hazard of agricultural work 
environments. Manufacturers commonly shield PTOs to try to prevent operators from coming in 
contact with rotating PTO shafts. Despite the efforts of manufacturers and educators, PTO 
.entanglements are still a common cause of agricultural work-related injuries. Researchers have 
explored the demographics of workers injured by PTOs, the types of activities being conducted at the 
time of injury, the condition of PTO shields and guards, and operator behaviors and attitudes 
associated with PTO risks. However, the literature is devoid of data addressing the physical 
parameters of how and why PTO entanglements occur. The pilot research contained in this thesis is 
the first step in understanding the physics of how PTO entanglements occur. Three variables were 
explored during this research —type of material, angle of introduction, and length of material 
extending below midline of PTO knuckle, that lead to the occurrence or nonoccurrence of a PTO 
entanglement at an exposed knuckle joint were identified and documented through use of logistic 
regression. The results of this study show that lighter materials, such as cotton thread, have 
substantially higher probabilities of becoming entangled in the PTO knuckle than do heavier 
materials, such as leather boot laces. Materials introduced at angles perpendicular or close to 
perpendicular to the PTO shaft have higher probabilities of becoming entangled. Longer materials or 
those that extend further below the midline of the PTO knuckle have higher probabilities of becoming 
entangled than do shorter materials. The results of this study also show that all PTO entanglements 
occurred on the side of the PTO knuckle that was on the downward side of the knuckle's rotation. 
The outcomes of this study will increase the understanding of the physical parameters of PTO 
entanglements. These outcomes will also afford a continuation of this line of research addressing the 
long-term goal of developing a generalized model of PTO entanglements in order to make 
recommendations for improved intervention strategies grounded in a thorough understanding of the 
physical phenomena involved. 
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CHAPTER 1: BACKGROUND 
Introduction 
Power take-off shafts (PTO), mechanical devices which couple machine implements and 
transmit power from a source to a location, have been used extensively in agriculture since the early 
part of the 20th century (Field, 1999). Before the implementation of the power take-off, operations 
such as separation of grain from chaff required the fanner to cut the crop in one location and transport 
the cut materials to a stationary machine in another location. These early machines .used in the 
cutting operation were pulled by either horses or early tractors. These machines picked up their 
energy for cutting the crop from a wheel that was driven by the motion of the machine over the 
ground. As the ground and wheel interaction was an inefficient power source, this method of 
supplying power to agricultural machines allowed for the development of small implements requiring 
low amounts of power (Howard, 1965). 
International Harvester began to supply power-take off shafts as optional equipment on their 8-16 
kerosene tractors in 1918 (Morrell, 1980). They were the first American manufacturer to provide 
power to towed implements through a rotating driveshaft. Three years later McCormick Deering 
offered, as standard equipment on their model 15-30 tractors, a power take-off (Morrell, 1980). 
Tractor manufacturers saw that the power take-off offered power transmission efficiencies of 80 
percent or more, while ground-driven machines were fortunate if they could provide an efficiency of 
50 percent, and the other manufacturers soon developed their own versions of power take-offs (Zink, 
193 0). 
During their long term of service, power take-off shafts have remained a recognized hazard of 
agricultural work environments. The PTO driveline on most modern farm equipment is well 
protected with safety shields. Shields on older equipment, however, may not provide full protection, 
or shields may have been damaged or removed for service or maintenance and not replaced (Field, 
1999). Despite the efforts of manufacturers for guarding, or the efforts of educators instructing farm 
workers on safe work practices near PTO shafts, human entanglements with these PTO shafts remains 
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a cause of agricultural work-related injuries. An unprotected revolving PTO driveline that catches a 
victim's clothing or hair can rapidly entangle him or her, with catastrophic results (Field, 1999; 
Deere, 1983). 
With the proliferation of PTOs in tractor design, and their subsequent use, hazards associated 
with PTO shafts became a concern for agriculture workers. The PTO driveline hazard is a wrap-point 
hazard occurring from exposed rotating machine components. The most commonly known example 
of a wrap point hazard is from the machine's primary PTO driveline. The PTO driveline is one of the 
oldest and most common farm machinery hazards (Murphy, 1992). By reference, PTO driveline 
hazard means the hazard associated with the Implement Input Driveline shaft (IID). Less often, the 
phrase is used in reference to the entanglement hazard of tractor PTO or input connection to the 
implement. 
The entire IID shaft is the. wrapping point hazard if the IID is completely unshielded. If the 
IID is partially guarded,., the shielding is usually over the straight part of the shaft, leaving the 
universal joints, the PTO connection (the front connector), and the Implement Input Connection (IIC, 
the rear connector) as potential wrapping point hazards. Protruding pins and bolts used as connection 
locking devices are particularly adept at catching clothing. Even when wrapping of body parts does 
not occur, the affected body part may become compressed so tightly by the clothing wrapped around 
the shaft that the person is trapped against the shaft. 
The machine's IID shaft is coupled to the tractor's PTO stub. Therefore, it rotates at either 
540 rpm or 1000 rpm when at full-recommended speed. At these speeds, clothing is .pulled around 
the IID shaft much quicker than a person is able to pull back or take other evasive action. Many IID 
entanglements occur while the shaft turns at one-half or one-quarter of recommended operating speed 
(Buchele, 1973; Murphy, 1992). This may be the situation when the tractor has been stopped but not 
turned off, and the PTO is Ieft engaged or the PTO clutch is worn. 
A 540 rpm PTO shaft makes over two complete revolutions per second when operating at one 
quarter speed (Murphy, 1992). Even with a quick reaction time of one second, the wrapping action 
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has begun. Once wrapping begins, the person's instinctive move is to try to pull away; this action 
simply results in a tighter, more binding wrap. The 1000-rpm PTO shaft decreases the opportunity 
for evasive action by approximately SO% (Murphy, 1992). 
Statement of Problem 
The power take-off (PTO) driveline is the most common means of transferring power from a 
tractor to pulled machinery (e.g., balers, rotary mowers) and stationary equipment (e.g., augers, 
grinders). Equipment manufacturers have installed shielding to minimize injuries from operators 
being exposed to rotating PTO shafts. Yet, coming in contact with an operating PTO is still a 
common cause for injuries in agricultural work settings, particularly when contact is made around the 
knuckle of the driveline (Wilkinson and Field, 1989). This study investigates how an array of the 
physical parameters -material type, material length, and angle of material introduction -affects the 
occurrence of a material entanglement with a spinning PTO shaft knuckle. 
This research addresses a common hazard for which there is currently no data available to 
understand the physical phenomena involved. The purpose of this study is to increase the 
understanding of how entanglements occur by documenting how some basic factors influence the 
likelihood of an entanglement. These outcomes will also set the stage for future research culminating 
in identifying, and then evaluating, promising intervention strategies. There is critical need to 
understand the physical phenomena resulting in PTO entanglements because this basic knowledge is a 
required prerequisite to more effective intervention strategies. The rationale for the proposed research 
is that understanding these relationships is the first step in developing a model to predict the 
occurrence of entanglements. 
The purpose of this study was to examine basic factors that may influence the occurrence of 
PTO entanglements. Thus, the following objectives were pursued during the course of the study: 
1) To determine if varying the angle that the material is introduced to the spinning PTO 
shaft knuckle influences the probability of the occurrence of an entanglement. 
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2) To determine if varying the length of material extending below the centerline of the 
spinning shaft influences the probability of the occurrence of an entanglement 
3) To determine if different types of materials introduced to the spinning PTO shaft knuckle 
have differing probabilities of becoming entangled. 
Rationale 
The f rst outlined objective employs one independent variable, angle of incidence. The 
literature regarding agricultural safety, and more generally occupational safety regarding 
entanglements with rotating or spinning equipment, is devoid of information about the angle of 
material introduction as a factor in the occurrence frequency of entanglements (Buchele, i 974; 
Campbell, 1987; Murphy, 1992; NIOSH, 1994). Information garnered from engineering texts 
suggests that forces applied at an angle to a spinning shaft are not constant in relation to the inertia of 
the shaft (Krutz, Thompson, and Claar, 1984). It is this information that led to the formation of the 
first objective of this research. 
The second outlined objective employs one independent variable, length of material. It is 
hypothesized that the longer a material is (the length the material extends below the centerline of the 
PTO shaft knuckle), the less resistant the material is to simple deflection from the spinning knuckle, 
and is more likely to become entangled. The major caveat of this objective is that perhaps the 
material becoming entangled will not simply entangle around the PTO shaft knuckle, but will 
entangle in itself around the knuckle. As with the independent variable of angle of incidence, the 
literature is devoid of information about the material length as a factor in the occurrence of a PTO 
entanglement (Buchele, 1974;Campbell, 1987; Murphy, 1992; NIOSH, 1994). 
The third objective employs one independent variable, type of material. Three different 
materials were used in the study; a simple cotton thread, as would be found in a typical shirt or pair of 
coveralls; a cotton string, as is commonly found on hooded sweatshirts; and a leather bootlace, which 
are common on work boots worn by agricultural workers. The rationale for using different materials 
S 
is that different materials have different physical properties that may influence the probability of 
becoming entangled in the spinning PTO shaft knuckle. This will provide information regarding what 
materials are more likely to become entangled, thus providing information which could be used in the 
future to develop new education methods for workers in the area of PTO safety, or to aid in the 
design/redesign of safety guarding systems employed around PTO shafts and PTO knuckles. The 
literature reviewed in the areas of agricultural safety and occupational safety does make general 
mention of material types involved in PTO entanglements, but does not refer to these materials as a 
contributory factor leading to the entanglement (Wilkinson and Field, 1988; Buchele, 1993; NIOSH, 
1994). 
Definition of Terms 
For clarification, the following terms are defined: 
ASAE  -American Society of Agricultural Engineers 
Farmer — A full-time or part-time agricultural operator who works for either himself or in conjunction 
with other persons. 
Fully Shielded Implement Input Driveline — An implement input driveline (IID) which is shielded by 
a rotating shield covering the entire driveline including the front coupler and universal joint. 
Implement Input Connection (IIC) — "The shaft or other connecting means to which the rear joint of 
the implement input driveline (IID) is attached to the implement." (ASAE 5207.12, Section 3.3, 
December 1998). 
Implement Input Connection Shield — A barrier over the implement input connection (IIC) which 
minimizes inadvertent personal contact with hazards created during rotation of the IIC and rear 
coupler/universal joint of the implement input driveline (IID) (Campbell, 1987). 
Implement Input Driveline — "Two. universal joints and their connecting members and fastening 
means for transmitting rotational power from the tractor PTO to the implement input connection. A 
double cardan, constant velocity joint is considered a single joint. The IID also includes integral 
shielding (guarding) where provided." (ASAE 5207.12, Section 3.2, December 1998) 
Master Shield — A metal barrier protecting against inadvertent contact with a tractor's PTO stub shaft. 
Power Take-Off (PTO) — "An external shaft on the rear of the tractor to provide rotational power to 
implements." (ASAE 5207.12, Section 3.1, December 1998) 
PTO Entanglement — "An incident involving those shafts and/or knuckles between the tractor PTO 
shaft, including mid or side mounted shafts, and the first gear set, pulley, sprocket, or other 
components on towed or integral equipment." (National Safety Council, 1982, p.44) 
Knuckle -- A set of cardan joints that connect the PTO shaft to the output shaft of the tractor, or 
connect the PTO shaft to the input shaft of the implement. Knuckle joints contain a universal joint, 
whose primary function is to absorb and dissipate the shock of the rotating Cardan joints, and to 
stabilize the joint when the joint is not in angular phase (Krutz, Thompson, and Claar, 1984). Refer 
to Figure 1.1 showing an exposed PTO knuckle. 
Overview of Study 
The purpose of this experimental research study was to determine the physical parameters or 
factors that influence the probability of the occurrence of a material entanglement with a spinning 
PTO knuckle. Chapter 2 presents a review and analysis of literature topics relevant to this study, in 
the areas of agricultural safety, agricultural machinery safety, PTO safety, engineering science, and 
human factors engineering. The methods and procedures used in this study are discussed in Chapter 
3, and the results of the research are presented in Chapter 4. Chapter 5 discusses the findings of this 
experimental research study, as well as of its limitations, its possible implications, and directions for 
future research. Appendix A is a copy of the raw data table used during data collection. Appendix B 
is a copy of the SPSS data table used during the data analysis. Appendix C contains the formulae 
used in logistic regression calculations. 
bearing surface~n'ount for cardan 
Figure 1.1 —Exposed PTO knuckle with cardan joints and universal joint labeled 
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CHAPTER 2: REVIEW OF RELEVANT LITERATURE 
Overview of Reviewed Literature 
Chapter 2 presents the major ideas and research studies congruent with the research study 
discussed in this report. Five major topic areas are discussed, including their particular relevance to 
the research study. These areas are agricultural safety, agricultural machinery safety, PTO safety, 
engineering science, and human factors engineering. 
Agricultural Safety 
There is evidence that agriculture is in many respects a dangerous activity (ILO, 1969; Deere, 
1983). Farm and ranch residents in the United States have hundreds of thousands of incidents every 
year, and thousands of these incidents are fatal (Deere, 1983). Even though data for losses due to 
incidents on farms are somewhat fragmented, it is obvious that agriculture is a dangerous business 
when compared with other. industries in the country. The literature lists farming, mining, and 
construction as the three most hazardous trades (Barenklau, 2001). Statistics related to the danger of 
agricultural work point out that while farmers comprise only 3 % of the American workforce, they 
account for nearly 10% of the fatal injuries across all industries (Barenklau, 2001). Better stated, 
based on incidental deaths, agriculture is five times more dangerous than the average American 
industry (Barenklau, 2001). It should be noted however, that unless a farm has ten or more workers, 
they are not required to report incidents and injuries to the Occupational Safety and Health 
Administration. Even with today's larger and more sophisticated farming operations, the majority of 
American farms are family owned, and operated with fewer than ten employees. This is a substantial 
reason that many incidents occurring from farm operations go unreported, casting doubt on the 
reported injury statistics (Sell, 1984). 
When examining the nature, frequency, and severity of agricultural incidents, it becomes 
important to know who is affected by farm-related incidents, and what the costs of these incidents are. 
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Barenklau (2001), reports that in a typical year, there are two hundred thousand work-related injuries 
in agriculture. This reported figure includes a wide range of ages of workers, as most farms are 
family operations, both the young and the elderly are exposed to agricultural hazards on site. 
Murphy (2003) suggests that fatal agricultural work injury trends have not decreased in recent 
history despite the influx of public health sector financial resources and expertise. Murphy stresses 
that safety and health professionals must continue to seek an understanding of why production 
agriculture experiences a death rate several times the national average for all industries. 
Agricultural Machinery Safety 
There are a large number of machines used in modern production agriculture, which are 
powered in numerous ways, such as PTO drive shafts, hydraulics, electrical power, engine power, and 
ground traction. Murphy (1992) outlines seven basic types of machinery hazards associated with 
these power methods: pinch point hazard, wrap point hazard, shear/cutting point hazard, crush point 
hazard, freewheeling parts hazard, stored energy hazard and pull-in point hazard. Those hazards are 
grouped by describing a machine component's action or the motion of the machine that results in 
injury to the person. Pinch point hazards exist in equipment where two machine parts move together, 
with one of the parts moving in a circular path, such as in the case of drive belts moving along a 
pulley, or the contact between drive chains and their corresponding gear sprocket. Wrap point hazards 
usually are a result of exposed rotating machine components, the best known of which is the PTO 
driveline. Shear/cutting point hazards exist when the edges of two moving parts move across each 
other, or a moving part moves across the stationary edge of another part or component. An example 
of this type of hazard would be the common straw chopper, silage .chopper, or forage chopper, which 
cuts the material in a fashion similar to a set of shears. Crush point hazards occur when the operator is 
placed between two moving objects, or a moving object and a stationary object. Examples include an 
operator becoming trapped between the front and rear tires on an articulating tractor, or becomes 
trapped between tractor and implement when backing the tractor up for the purpose of hitching up to 
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the implement. Freewheeling parts hazards are those that arise from machinery components that 
continue to rotate after power to them has been removed. Examples include feed grinders, whose 
large wheels have substantial momentum and continue to rotate for a long period of time after power 
to the machine has been shut off. Stored energy hazards result from energy that is confined or 
i 
restrained and then released unexpectedly or unintentionally. Examples include springs, hydraulic 
pressure, air pressure, electrical energy, and gravitational potential energy. Pull-in point hazards occur 
primarily with field harvesting machinery, whereby the hazard exists where the machinery takes in 
material to be processed. Examples include combines, corn pickers, hay balers, and forage choppers. 
If a person is holding onto material as it enters the machine, he/she is usually unable to release the 
material before being pulled into the machine. Table 2.1 presents a brief overview of the common 
circumstances preceding .the occurrences of the hazards and the equipment with which those hazards 
happen most often. 
In regards to safety of agricultural machines, no piece of equipment used in a production 
agriculture environment is more recognized for hazards than the tractor (Murphy, 1992). Specific 
hazards discussed by Murphy include stability/instability, runovers, and the PTO stub. 
In a report to the Occupational Safety and Health Administration, entitled "Economic Impact 
and Technical feasibility of Guarding Agricultural Machines", Buchele (1974) studied the nature of 
agricultural machine incidents and the economic impacts and mechanical feasibility of fitting 
agricultural machinery with guard systems to reduce or prevent incidents and injuries. Buchele 
(1974) focused on a variety of mechanical hazards present in an agricultural setting, .one of which was 
the power take-off shaft, and the hazards associated with its implementation .and use. 
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Table 2.1 Selected types of common machinery hazards (Murphy, 1992; Deere, 1983) 
Hazard Type Occurrence Examples 
Pinch Point 
Wrap Point 
Shear/Cutting 
Point 
Crush Point 
Freewheeling 
Parts 
Stored Energy 
Pull-In Point 
Exists where two machine parts move 
together, with one of the parts moving in 
a circular path 
A result of exposed rotating machine 
components 
Exists where the edges of two moving 
parts move across each other, or a 
moving part moves across the stationary 
edge of another part or component 
Exist where the operator is placed 
between two moving objects, or a 
moving object and a stationary object 
Arise from machinery components that 
continue to rotate after power to them 
has been removed 
Arise from energy that is confined or 
restrained and then released 
unexpectedly or unintentionally 
Occur primarily with field harvesting 
machinery, whereby the hazard exists 
where the machinery takes in material to 
be processed 
Drive belts moving along a pulley, 
or the contact between drive chains 
and their corresponding gear 
sprocket 
The PTO driveline 
Common straw chopper, silage 
chopper, or forage chopper, which 
cuts the material in a fashion similar 
to a set of shears 
Entrapments between the front a 
rear tires on an articulating tractor, 
or between tractor and implement 
when backing the tractor up for the 
purpose of hitching up to the 
implement 
Feed grinders, whose large wheels 
have substantial momentum and 
continue to rotate for a long period 
of time after power to the machine 
has been shut off 
Springs, hydraulic pressure, air 
pressure, and electrical energy 
Combines, corn pickers, hay balers, 
and forage choppers. If a person is 
holding onto material as it enters 
the machine, he is usually unable to 
release the material before it begins 
to pull him into the machine. 
12 
PTO Safety 
Power take-off devices have been used extensively on tractors since the early part of the 
twentieth century. Due to its widespread use, the PTO presents special hazards to the agricultural 
worker. The PTO is essentially awrap-point hazard it is one of the oldest and most common farm 
machinery hazards. In his findings, Buchele (1974) classifies the PTO as a special application of the 
power transmission mechanism that fits between a tractor and an implement. Clothing becoming 
caught on rotating shafts accounts for many incidents every year (Buchele, 1974). People caught on 
rotating shafts may have their arms or legs broken, hair or scalp pulled off, backs broken, and some 
are killed in the incident. Buchele (1974) noted that contact between persons and rotating shafts can 
and does occur: "The farmer often stands close to the PTO shaft when he observes and adjusts the 
machine. He is exposed to the PTO shaft as he crawls over the shaft, brushes against the shaft, or 
falls onto the shaft." (p. 41). While recognizing that PTO entanglements are a real hazard in 
agriculture, Buchele (1974) also notes that PTOs are guarded either by a tunnel shield, which are 
inverted "U" shaped shields that cover the sides and top of the shaft, leaving the bottom of the shaft 
exposed, or by means of a rotating shield, which encompasses the entire shaft, and rotates along with 
the PTO shaft. The major problems with these types of guarding mechanisms, as Buchele outlines, 
are that the mechanism either becomes so damaged it loses effectiveness and is discarded, or the 
bearings Or locking mechanism of the guard cease to function, and render the guard useless, and it is 
discarded. Other problems with PTOs discussed by Buchele include the method of fastening 
employed to couple the shaft to the tractor or implement. Buchele (1974) states: "The attachment of 
the PTO shaft onto the tractor has normally required pushing in on a protruding push pin located in 
the front yoke of the universal joint of the machine PTO shaft. The rear yoke of the universal joint of 
the machine PTO shaft is attached to the machine with a bolt with a protruding head nut and thread." 
(p. 42). While it may be logical to assume that the elimination of the protruding parts would 
eliminate entanglements, Buchele (1974) discounts this reasoning by stating "...ice and frozen soil 
accumulate on the shaft to form a protrusion that catches clothing when the equipment is operated. 
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The shaft may also rust and become rough. In any case, the universal joints must be shielded as they 
do catch clothing, and it is only a small additional step to shield the entire shaft." (p. 42). 
The report suggests a variety of preventive measures that should be undertaken by the 
operators in order to minimize the risk of the PTO hazards and subsequent damage and injuries. Thus, 
an extensive use of shields and guarding mechanisms is proposed along with consistent maintenance 
of safety requirements compliance and timely equipment examination. The report advocates a steady 
support for various research on the factors that influence the entanglements and means of preventing 
them from occurring. 
The issue of providing sufficient guarding devices was also addressed in earlier studies (Zink 
1930; Wardle, 1971). The general agreement in literature is that the implementation of shielding 
equipment on the machinery employing PTO devices should be enforced and outlined in a nation-
wide standard (Morrell,1980; Burke, 1981). 
Such a standard was produced and accepted by the American Society of Agricultural 
Engineers (ASAE) and the Society of Automotive Engineers (SAE) as early as 1937-1938 (Brown, 
1946; Morrell, 1980). Subsequent modifications (Smith, 1955) led to the current set of standards of 
ASAE (5207.12, 1998; S203.13, 2003; 5205.2, 1998; SAE J2708, 1993; S333.2, 1999; ANSI/ASAE 
5318.75 2002),. which all stress the proper guarding of power- take-off shafts, including which 
sections of the shaft need be guarded at all times, which sections may have moveable guards, and 
which guard systems need to operate dependently to form interlock systems of guarding. 
Campbell (1987) collected and summarized data in non-fatal PTO incidents. According to 
the results, the farmer/operator is the person that is most likely to be injured in a PTO incident. 
Incidents occurred most frequently when a stationary piece of equipment was being operated on or 
near the farmstead, and the most frequent kinds of injuries were lacerations, bruises, friction burns, 
soft tissue removal, amputations, and broken bones. A wide variety of clothing and clothing parts 
were involved in the initial entanglement. These included blue jeans, overalls, coveralls, coats, hoods 
of sweatshirts, sweatshirt/coat strings, shoe/boot strings, shirt and coat tails, and gloves (Campbell, 
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1987). Over half of the non-fatal incidents occurred on only four types of agricultural implements; 
augers, elevators, forage wagons, and liquid manure spreaders. Body extremities were the most 
frequently entangled body parts. PTO incidents occurred more often in daylight hours under ideal 
environmental working conditions. The two environmental conditions identified most often as 
contributing factors were slippery surfaces and wind. The victims were more likely to become 
entangled near the tractor, in the area protected by the master shield, or near the implement, in the 
area protected by the IIC shield, than at the IID, in the area protected by the driveline shield. 
Campbell (1987) identified four factors as leading to most of the entanglements: 
a. The equipment was in a stationary position with the PTO engaged. 
b. .There was a Lack of shielding on all or part of the PTO. 
c. A protrusion. such as aspring-loaded pushpin or a through bolt was present. 
d. The victim placed himself in a position where contact with the PTO was possible. 
The absence of shielding on PTO equipment and the farmer's reluctance to repair or replace 
missing or damaged shields are major contributing factors to nearly ninety percent of the non-fatal 
power take-off incidents (Campbell, 1987; Murphy, 1992; Buchele, 1993). Although not common, 
PTO incidents still occurred with the shielding in place. Campbell (198.7) reports that at least 56% 
and possibly as high as 80% of the victims were entangled at an area of the driveline that was not 
shielded at the time of the incident. Incidents generally occur at the PTO connection or at the 
implement input connection in 60% of the cases. Forty-eight percent of the fatal incidents happened 
during the operation of the stationary machinery, while semi-stationary and non-stationary machines 
that were stopped for various reasons accounted for forty-eight percent. Forty-six percent of the cases 
occurred around the farmstead. Augers and elevators were the implements involved in 32% of the 
fatal PTO incident cases. 
Wilkinson and Field (1988) have shown that the majority of PTO entanglements occur at the 
knuckle of the PTO. Of thirty-five non-fatal incidents investigated through the course of their study, 
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.Wilkinson and Field (1988) report that approximately 57.1% of the entanglements occurred at the 
knuckle of the PTO. 
Krutz, Thompson, and Claar (1984) introduce the topic of overload protection as used in 
Power Take-Off shaft design. "The need for overload protection devices has arisen because the 
growth of agricultural tractor capacity has exceeded the power normally required to drive its 
components." (Krutz et al., 1984, p. 281). This statement implies that as the manufacture of tractors 
has progressed to the current time, tractors have become more powerful, generating more torque than 
early models, and in doing so, have exceeded the amount of power required to power an implement 
attached via the PTO shaft. Krutz et al., (1984) suggest that the approach to solving the overloading 
problem lies in redesign of the PTO shaft itself, or in the redesign of the implement drive 
components, and discuss three methods commonly used to reduce power overloading are overload 
clutch, overrunning clutch, and elastic clutch. The selection of the appropriate method is determined 
through investigation of the type of implement to be protected, the anticipated operating conditions of 
the implement, the torque characteristics acting on the driveline during normal operation and during 
overload situations, the load limits of all driveline components, PTO shaft speed, and operating angles 
of the joints (Krutz, et al, 1984). 
In reference to the operation of the PTO, Murphy (1992) discusses the usage of the tractor 
and PTO in modern agriculture, noting that most tractor PTO stub. shafts operate independently of 
tractor ground speed, and can be operated to their full capacity even when the tractor is stationary. 
Murphy (1992), notes that this operational feature allows for considerable flexibility for basic types of 
farming work, and thus proliferates the usage of the PTO in production agriculture, thereby exposing 
potentially more operators to potential hazards associated with the .PTO. While PTO related 
incidents have not historically been a significant contributor to the total documented number of farm-
related injuries and fatalities, it is important to note that the severity of the injuries associated with 
these- incidents has been high and often fatal or permanently disabling (Field, 1999). 
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Sell (19$4) describes the variety of injuries that a PTO can inflict on a person when an 
entanglement occurs, ranging from minor burn and bruises to compound fractures, amputations, and 
even death. These injury types are summarized in Table 2.2. 
Through a series of research studies, (Buchele, 1974; Wilkinson and Field, 1988) identified 
numerous items or articles of clothing commonly entangled in PTO shafts. Clothing including 
jackets, sweatshirts, coveralls, jeans, and winter coats are frequently involved in entanglements. 
Wilkinson and Field (1988) found that the most common clothing entangled in nonfatal PTO 
incidents were jackets and sweatshirts (25.7%), while the most common for fatal PTO incidents were 
coveralls and jeans (37.5%). Similar research by NIOSH reports that other articles or items become 
entangled in PTOs, such as shirts, scarves/bandanas, shoestrings, and gloves. 
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Table 2.2 -- Summary of injury types resulting from PTO entanglement 
Type of 
Injury 
Skin 
abrasions 
and 
contusions 
Definition Statistics 
Lacerations 
Fractures 
The scraping of skin against the solid 
object with slight bleeding, a bruise 
causing bleeding under the surface of the 
skin 
Jagged or regular tear in the surface of the 
skin, produced by a solid impact or by an 
irregular object 
A break of any size of a bone of the 
skeletal system 
Amputations The physical removal of a limb or other 
peripheral structure of a human body 
Emasculation 
and denuding 
of the testes 
and/or penis 
Joint 
separation 
and 
dislocation 
Neutering of a male by removal of testicles 
-- castration, and forceful removing of soft 
tissue off a human body 
Sudden impact of a joint where the bones 
that meet at the join become disconnected, 
usually results in ligament tears and nerve 
damage 
Wilkinson (1991) reports 22 cases of 
skin contusions among 160 sample 
of PTO-related injuries (~17%) 
Wilkinson (1991) reports 17 
lacerations among the sample of 160 
PTO-inflicted injuries (~13%) 
Wilkinson (1991) reports 42 fracture 
incidents out of 160 cases 
investigated (~32%) 
McElfresh &Bryan (1973) report 54 
cases of fractures in the sample of 
117 PTO-inflicted injuries (~46%) 
Wilkinson (1991) reports 44 cases 
out of the total of 160 (~33%) 
Swanson (1987) states that 60%PTO 
inflicted injuries result in total or 
partial amputation 
Wilkinson (1991) reports 21 cases of 
denuding out of 160 investigated 
cases (~16%) 
Wilkinson (1991) reports 10 joint 
separation cases in the total of 160 
cases of PTO-inflicted injuries 
(~7%) 
McElfresh &Bryan (1973) report 
five out of total 117 PTO-related 
injuries (~4%). 
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Engineering Science 
Engineering's connection to safety and health issues, and its value as a hazard and injury 
prevention and control strategy, are very direct. The essence of engineering is a process that results in 
the means, the materials, and the products by which humanity seeks to better itself. A by-product of 
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this activity is hazards (Murphy, 1992). Engineers are the ones who manipulate nature's materials for 
the process of engineering; they are the most knowledgeable concerning inherent and residual 
hazards, and the means for mitigating these hazards (Murphy, 1992). Conceptually, it is not difficult 
to understand that the fewer hazards created through the process of engineering, and the more 
engineered control there is of residual hazards, the less potential there is for damage to society. 
Engineering for hazard and injury prevention and control is influenced by three major factors; the 
marketplace, standards and regulations, and product liability case law (Murphy, 1992) 
Kautz et al. (1984) discuss the judgment to be made by an engineer or an engineering team 
regarding the safety of a product by calculation of a safety factor. According to the authors, the 
formulas used to calculate stress, equated to safety in this example, are based on several assumptions, 
including proper use of formulae to perform the calculations, technical competence of the engineer(s), 
and variations in nonuniformity of the material's strength. The authors also note that engineers use 
the term factor of safety to include uncertainties (risks) in design, and that if the magnitude and 
direction of various forces are not known, it is difficult to calculate the term related to the safety 
factor. Kautz et al. (1984) note that time elements such as corrosion, lack of lubrication, loading, 
temperature, and use history can affect the life of a part. 
Human Factors Engineering 
As the goal of this research is to determine the factors that contribute to or cause PTO 
entanglements, and that those entanglements occur between machinery and human beings, it is 
appropriate and necessary to discuss the ways in which humans interact with mechanical systems; the 
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thought processes involved, the decision making processes, and the risk assessment strategies 
employed. 
In the realm of decision-making, Gertman (1994) discusses a number of methods a person 
uses to either avoid the decision making process, or make poor choices. Gertman lists four elements 
necessary for proper decision making: identification of possible courses of action, identifying the 
consequences that result or could result from a chosen course of action, assessing the likelihood of a 
consequence from a chosen course of action, and integration of the aforementioned .elements into the 
decision process to choose an optimal action. Gertman notes that the major caveat of this approach 
or method of reasoning is that it assumes that humans are aware or may be taught to become aware of 
the ways they employ the decision making approach to reach conclusions about required action(s). 
Duncan (1991) outlines the role the human operator plays in the design of machinery and 
systems, and noting that humans have limitations that need to be addressed in the design of a 
mechanical system. According to Duncan, humans are poor monitors of infrequently occurring 
events or of frequently occurring events that are presented over long periods of time. Humans 
become distracted or bored. Humans often commit errors while performing routine, repetitive, or 
precise tasks. While performing these tasks, as with monitoring the tasks, human operators become 
distracted or may perform some non-prescribed action for a number of reasons. Human reaction time, 
in response to a single stimulus, varies from perhaps half a second when no decision is required, to 
several seconds when a decision is required (Duncan, 1991). 
A common technique employed in the f eld of Human Factors Engineering/Ergonomics, is 
that of task analysis. Task analyses are typically employed to reduce a complex task into it's 
component actions, which are further analyzed to determine methods of reducing action errors, 
erroneous actions, redundant actions, etc. Task analyses may be performed to identify error-likely 
situations, to describe what should happen, and to analyze what might happen when a system is 
operational, document what is required of a person to operate a system, and to make judgments about 
whether an operator can perform what is required. The task analysis procedure includes a systematic 
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description of tasks to be performed by the system and the operator interaction with the system. Each 
step generates demands for successful completion and these demands are compared with what 
operators can do (Duncan, 1991). 
Murphy (1992) defines six principles used when attempting to understand the nature of 
incidents and injuries, and more specifically, when those principles are applied to production 
agriculture. The relevant principles outlined in Murphy (1992) and their accompanying discussions 
are reviewed: 
1. "Injuries have identifiable causes that are either preventable or controllable" (Murphy, 
1992, p. 87). 
Murphy (1992) discussed principle one in terms of discounting the notion that injuries and 
incidents happen as "acts, of God", or are attributed to fate, luck, or chance. Murphy goes on to 
discuss that only when a common. definition for the word "incident" is found, will society view 
occupational safety and. health in a way that will facilitate a scientific viewpoint of incidents and 
injuries, and allow researchers to discover the true reasons why incidents and injuries occur. Murphy 
notes that a reason for the common idea of incidents being a result of chance or happenstance, 
especially in the setting of production agriculture is the way in which the incidents occur. This is to 
say that farming incidents occur in relative isolation, in rural settings away from large groups of 
people, which leaves farm incidents without the notoriety of many other incident types. Similar to the 
relative privacy of agricultural incidents and injuries, is that since agricultural incidents are not 
usually considered as particularly newsworthy, such events become part of an accepted norm for that 
population. 
2. "An injury incident normally derives from multiple causes rather than a single cause. 
This results in multiple approaches to hazard and injury prevention and control being 
more effective than any single approach" (Murphy, 1992, p.90). 
According to Murphy (1992), once the primary cause of the injury incident is found, most 
occupational safety and health professionals will cease looking for underlying contributing causes. 
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Murphy goes on to state that this method is propagated through media recounts of incidents, which 
will describe an incident in terms of a single cause, and that this leads to an attitude of the populous 
that incidents have only one cause. Murphy uses work done by W. H. Heinrich (1931) to show that 
early in the field of occupational safety and health, the act of an incident was not due to a single 
cause, but had multiple parts. Heinrich's work stated that there were five factors in his Domino 
Theory of Incident Causation (Heinrich, 1931): 
1. Ancestry and social environment 
2. Fault of person 
3. Unsafe actor mechanical or physical hazard 
4. Incident 
5. Injury 
Although the work of Heinrich did have an impact on the field of occupational safety and 
health, the pervasive attitude of incidents having only one specific cause persisted until the 1950s 
(Murphy, 1992). 
Murphy closes principle two by discussing that the weakness of the single cause theory 
became apparent in the 1950s. This led to the creation or development of the multiple cause theory, 
which, simply stated, says that multiple factors such as; individual, group, and organizational beliefs, 
values, attitudes and behaviors; properties and characteristics of physical agents; and man-made and 
natural environments; combine in some way to form injury incidents. 
3. "Risk is inherent and omnipresent in life." (Murphy, 1992, p. 91) 
Murphy (1992) defines risk as "a measure of both the probability and the consequences of all 
hazards of an activity or condition. A subj ective evaluation of relative failure potential ..." (p. 92). 
Murphy also describes risk in terms of a mathematical probability, using terminology for the 
uncertain outcome of an event such as "the odds op' or "the chance of." Murphy (1.992) states that 
for many actions that can have multiple outcomes, such as the flipping of a coin, the probability of a 
particular event can be calculated and known, thus the risk of an outcome can be determined. In the 
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area of safety and health risks, the number of unknown factors that can influence the outcome of an 
event are too numerous and unknown to determine a specific value or measure for risk. Murphy 
closes principle three with a statement relating risk to production agriculture, --- "many production 
agriculture fatal and other serious injury incidents are from risks many in production agriculture 
consider routine and relatively inconsequential." (Murphy, 1992, p. 93) 
4. "To be human is to err." (Murphy, 1992, p. 93) 
Discussion of principle four centers on what is commonly referred to ass "human error." 
Murphy (1992) states that while principle four is a minor play on words of the popular "to err is 
human," he notes that the difference makes a noticeable impact, citing that making a mistake in an 
action or operation implies that a correct decision or action was known and was deviated from. 
Continuing the reasoning of this statement, Murphy says that the primary problem in safety and 
health is to correct related decisional and behavioral mistakes of people.. 
5. "Human perceptions of risk are not very accurate." (Murphy, 1992, p. 96) 
Murphy (1992) discusses principle four in terms of individuals lacking the capacity to be 
consciously aware of, and properly respond to, all risks present in life. Instead, Murphy suggests, 
humans have developed a series of mental guidelines and strategies for coping with hazards presented 
them. Murphy (1992) suggests that humans view older, more established hazards as more acceptable 
than newer risks. This viewpoint, Murphy says, is due to the fact that hazards concerning new 
technologies are not yet completely understood by the general population, and are therefore heeded 
more carefully than more established hazards. 
6. "Human behavior can be changed." (Murphy, 1992, p. 101) 
"A key concept in the need to understand safety and health related behavior is the ability to 
predict when unsafe or unhealthy behavior might occur." (Murphy, 1992, p.101) Murphy's statement 
is aligned with the goal of the research presented in this report, the determination of physical 
parameters that influence PTO entanglements, and the generation of a mathematical model to 
accurately predict future occurrences of entanglement. 
23 
Table 2.3 —Incident and Injury Table (Murphy, 1992) 
Principle Definition Application to Research 
1. Injuries have 
identifiable 
causes that are 
either preventable 
or controllable 
2. An injury 
incident normally 
derives from 
multiple causes 
3. Risk in inherent 
and omnipresent 
4. To be human is 
to err 
S . Human 
perceptions of 
risk are not very 
accurate 
6. Human behavior 
can be changed 
Injuries can be investigated and a root 
cause can be identified. Identification 
of the root cause can enable prevention 
strategies better suited for elimination 
of injury incidents 
An injury typically stems from a series 
of factors, any or all of which contribute 
in some amount to the incident's 
occurrence 
Any mechanical system that requires a 
human operator presents risk to the 
operator. Risk has. many levels, and it 
is the determination of an acceptable 
level of risk that is important in 
determining the relative safety of a 
system 
Humans either make incorrect decisions 
for action due to lack of knowledge, or 
improper decisions when the correct 
course of action is known 
Humans view older technologies as 
safer, either through personal 
experiences with the hazards, or from 
knowledge gained from others. A 
cavalier attitude towards the hazard 
develops. 
Humans can learn proper methodology 
for interacting with hazardous 
mechanical systems 
Data collection via 
experimental apparatus, and 
subsequent data analysis 
Multivariate analysis of 
collected data —determines 
which factors influence 
occurrence of entanglement, 
and how factors may or may 
not interact to contribute to 
occurrence of entanglement 
If risk cannot be eliminated, it 
should be reduced. 
Determination of physical 
factors that influence PTO 
entanglements will better equip 
research to determine true 
amount of risk in PTO 
operations 
Determination of the true risks 
involved with PTO operations 
will allow operators to make 
more informed decisions 
regarding operation of PTOs 
and PTO driven equipment 
Determination of the physical 
parameters that influence the 
probability of material 
entanglement in PTOs may aid 
in making human perceptions 
of the associated risks more 
accurate. 
Culmination of research may 
lead to new education strategies 
through extension services to 
better inform farm operators of 
risks present in PTO operations 
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Summary of Reviewed Literature 
Based on the reviewed literature, it is possible to conclude .that PTO entanglements are still a 
persistent problem in occupational safety. The research shows that incidents on power take-off 
devices lead to a variety of fatal and non-fatal injuries of different severity (Table 2.2). One of the 
goals of this pilot study is to open a venue for modification of human behavior in working with 
power-take-off devices in order to minimize human-caused entanglements (carelessness, deliberate 
risk-taking). However, in order to pursue the goal of changing people's behavior and attitude toward 
the matter, it is important to examine the mechanical causes that lead to entanglement incidents. 
Previous studies (Buchele, 1974; Wilkinson and Field, 1988; Buchele, 1993; NIOSH, 1994) state that 
certain types of clothing is more prone to being caught in PTOs than others, thus, leading to the 
investigation of the first factor of this research -- the type of the material involved. However there is a 
clear void in the literature regarding other material-related physical parameters that influence the 
likelihood of an entanglement. This void leads to the need to investigate the second and third factors 
included in this study -length of the material and the angle of introduction of the material into the 
PTO device. Therefore, following are the research questions posted for testing in this research study. 
RQ1: Does variation of the type of material introduced to the spinning PTO shaft knuckle change the 
probability of an entanglement? 
RQ2: Does variation in the length of material extending below the midline of the spinning PTO shaft 
knuckle influence the probability of an entanglement? 
RQ3: Does changing the angle at which the material is introduced to the spinning PTO shaft knuckle 
in reference to the longitudinal axis of the shaft change the probability of an .entanglement? 
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CHAPTER 3: METHODOLOGY 
Introduction 
Chapter 3 presents the methodology of the research study. For the purpose of presentation of 
information, this chapter has been divided into four sections: 
• Experimental Apparatus 
• Research Instrumentation/Independent Variable Description 
• Description of Procedures 
• Treatment of Data/Analysis Model 
Given the time, equipment and monetary constraints, the collection of experimental data was 
performed on a stationary apparatus, not on an actual tractor-PTO-implement setup. The apparatus 
was designed and built to allow for the necessary functions of the PTO for this research, while 
maintaining an acceptable margin of safety for the researcher, keeping equipment needs to a 
minimum, and keeping monetary inconveniences minor. 
With the aid of David Larson, graduate student in the Department of Industrial Education and 
Technology at Iowa State University, and primary instructor of ITEC 231: Principles of Metallic 
Materials and Processes, the construction of the experimental apparatus was undertaken. 
Experimental Apparatus 
The basic frame the apparatus sits upon was constructed from aforty-eight inch long, eight-
inch wide channel iron, with one-inch angle iron upright supports. The galvanized. steel frame that 
came with the provided materials from Dr. Charles Schwab was cut as needed to raise the apparatus 
sufficiently high enough from the base of the eight inch channel to facilitate the researcher's need of 
introducing materials Of chosen length. All metal components of the frame assembly were TIG 
(Tungsten Inert Gas) welded, to produce a structure free from unwanted motions, and to produce a 
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structure future researchers could use to build upon for their own research needs in this same area. 
(See Figures 3.1 and 3.2.) 
Figure 3.1 —Motor, motor frame and Cardan joint assembly (side view) of experimental apparatus 
Figure 3.2 —Motor, motor frame, and Cardan joint assembly (3/4 front view) of experimental 
apparatus 
The permanent magnet motor is controlled via an electronic speed controller (see Figure 3.3). 
Using this speed controller, the operator is able to vary the speed of the motor, which in turn varies 
the rotational speed of the Cardan joint assembly, vary the direction of rotation, and apply a braking 
motion to the motor if necessary. This speed controller was mounted on the top of the apparatus, near 
the indexing plate and material introduction opening, discussed in the following passages. 
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Figure 3.3 —Electronic speed controller used by experimental apparatus 
To introduce material to the spinning PTO joint assembly, a plate of exterior-grade plywood 
was mounted on top of the motor assembly, and a suitable hole, measuring fourteen inches square 
was cut directly over the Cardan joints. Using this top plate as a base, the researcher designed an 
indexing plate out ofthree-quarter inch medium density fiberboard. The indexing plate was drilled 
with the appropriate holes corresponding to holes in the top plate, which would allow for the indexing 
plate to be positioned in precise angles, to facilitate material introduction at specified angles (See 
Figure 3.4). 
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lead scree assembly 
index plate mounts 
material introduction 
opening 
Figure 3.4 —Top view of experimental apparatus, showing the index plate, index plate mount, and 
material introduction opening 
In order to introduce the chosen materials to the spinning PTO knuckle assembly in a 
consistent, scientific manner, an apparatus was designed and constructed for this purpose. 
The material introduction apparatus, depicted in Figure 3.5, was designed to function in a 
similar function to alead-screw, as is used in a metal lathe. The material introduction apparatus 
consists of three aluminum blocks. Two of these blocks are used as head and tail of the lead screw 
assembly, with the third block traveling a linear path via threaded rod passing through its midpoint, 
supported by two supporting rods. These supporting rods are made of stainless steel, which was 
chosen due to its inherent strength and resistance to deformation under the stresses present in this 
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assembly. The screw, which is turned via electric motor, turns, which moves the third block along a 
linear path from the head block to the tail block, or vice versa, depending on motor rotation direction. 
Alignment rails 
Tail 
Material introduction block 
~ _a te-~~~;Y 
Figure 3.5 —Material introduction assembly 
The components making up the material introduction assembly were machined using a 
vertical-knee mill, which allows for precise measurement and drilling/boring of the holes needed in 
the assembly. Each end of the material introduction assembly required special attention and methods 
of fastening to the assembly, discussed further in following passages. 
The head of the material introduction assembly, shown in Figure 3.6, consists of two 
aluminum blocks fastened together and to the indexing plate via socket-head cap screws. The 
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supporting rails for the assembly, which support and guide the traveling block of the assembly are 
fastened and locked into position in the head via spring pins, which were inserted in holes drilled 
through the aluminum blocks and the supporting rails. A bearing surface, consisting of a bronze 
bushing attached to the screw and sitting in the aluminum head to reduce the friction of the screw, 
which is made of mild steel, on the significantly softer aluminum block of the head was machined. 
motor coupler 
alignment rails 
bearing surface 
`.` r
Figure 3.6 —Material introduction assembly (head) 
The tail of the material introduction assembly consists of two aluminum blocks fastened 
together and to the index plate via socket head cap screws. The screw, as previously mentioned, is 
held in place by a machined groove in the screw that corresponds to a hex-head set screw in the top 
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block of the tail. This method of securing the screw allows the screw to turn freely, but does not 
allow the screw to drift out of position when powered by the attached electric motor. In similar 
fashion as shown in Figure 3.7, the head of the apparatus, the guide rails are secured to the tail via 
spring pins. 
reuT 
Socket-head cap s 
Alig~mer~t ~1 s 
~~ .~-
Figure 3.7 —Material introduction assembly (tail) 
The top plate, the index plate, and the material introduction assembly were designed and 
positioned in such a manner as to introduce the material to the spinning PTO knuckle assembly in the 
middle of the knuckle, where the two Cardan joints are joined together via the universal joint (See 
Figure 3.8). This was done for consistency, as the material was introduced to the spinning PTO 
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knuckle assembly at the same place on the knuckle, during every trial, at every permutation of the 
sampling. 
material intro 
block \~ 
material introduction 
opening 
a 
card an joints 
., 
G= 
Figure 3.8 —Material introduction opening, material introduction block, and view of Cardan joints 
With the construction of a frame assembly upon which to sit the permanent magnet motor, an 
electronic speed controller to control the rotational speed and direction of the motor and PTO knuckle 
joint assembly, a plate to mount an indexing plate, and a material introduction apparatus, a suitable 
experimental apparatus was constructed for the collection of data for this research, shown in Figure 
3.9. 
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lead screw assembly 
Figure 3.9 —Completed experimental PTO entanglement apparatus 
The final sub-assembly used in the apparatus was that of a method of powering the material 
introduction assembly. A small 110-volt AC motor with an attached gearbox was selected to power 
the material introduction apparatus. This motor, with its corresponding gearbox, was attached to a 
mount constructed ofone-quarter-inch, TIG-welded plate steel. Mounting holes for attaching the 
mounting plate to the motor were drilled, as was a hole to allow the output shaft from the gearbox to 
pass through the mounting plate to facilitate coupling of the gear box output shaft to the head of the 
lead screw assembly, holes to allow mounting of the motor mount to the index plate assembly, and 
holes for attachment of the necessary electrical switches for motor operation (See Figure 3.10). 
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11U Volt AC Motor 
Mat. Introduction Ass1~-. 
Motor Mounting Bracket «-/ s~~-itches, etc. 
Figure 3.10 —Material Introduction Assembly motor and switches 
To isolate the motor's operation from the rest of the experimental apparatus, the motor and 
corresponding gearbox were wired in such a way that the material introduction motor could be 
switched on or off independently from the PTO motor. A DPDT (Double-Pole, Double-Throw) 
switch was wired to allow the reversal of the rotation of the material introduction motor. A second 
switch, inline of the power lead of the wiring, was used to turn to material introduction motor on and 
off, allowing for the motor to be turned on or off independently of the PTO power source. 
Study Sample Size 
The experimental apparatus was used, with ten replications per permutation. Each 
permutation represented a particular type of material introduced to the spinning PTO knuckle at a 
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particular length, and at a particular angle of introduction. Three type of materials used, at three 
lengths, introduced at eight different angles, provides seventy-two possible permutation 
combinations. At ten replications per permutation combination of material type, angle of 
introduction, and length of material extending below the PTO knuckle midline, this resulted in seven 
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hundred twenty individual data points. With seven hundred twenty data points, statistical analyses 
resulted in data, which is valid for the study, and provided a means for the manifestation of a valid 
research model for the possible future prediction of occurrences of material entanglements in PTOs 
used towards the conclusion of this research study. 
Research Instrumentation/Independent Variable Description 
The _research presented in this study employed three independent variables; material type, 
material length, and angle of material introduction. 
The three materials chosen for introduction to the spinning PTO knuckle were: 
l . A simple cotton., thread, such as would be typically found in a set of coveralls, a work shirt, 
etc. 
2. A cotton lace, as would be typically found in the hood of a hooded sweatshirt used as a 
drawstring 
3. A leather lace, which are typically found in a set of work boots as laces. 
The above materials were chosen due to their prevalence in the clothing -worn by farmers. 
Each of these three materials was introduced to the spinning PTO shaft a total of two hundred 
forty times (eight angles, times three lengths, times ten replications). 
The three materials exposed to the spinning PTO knuckle were done so in three different 
lengths measured below the midline of the PTO knuckle; 3 inches, 4.5 and a half inches, and 6 inches. 
The overall distance measured from the material introduction block resulted in overall material 
lengths of 75 inches, 16.5 inches and 18 inches, respectively. These particular lengths were chosen 
due to convenience, and due to the dimensions of the experimental apparatus. It was hypothesized 
that materials shorter than three inches below the PTO knuckle midline would not contact the PTO 
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knuckle enough during the trials to become entangled. Because of the physical structure and 
dimensions of the experimental apparatus, materials longer than six inches below the PTO knuckle 
midline would contact the bottom of the base plate of the apparatus, which may cause the material to 
be deflected and interfere with the material's interaction with the spinning PTO knuckle. Each 
material was introduced at these three different lengths, resulting in two hundred forty introductions 
to the spinning knuckle for each length (three materials x eight angles x ten replications), and ninety 
introductions for each material type at each corresponding length (three material types x three 
material lengths x ten replications). 
Eight angles were chosen to introduce the material to the spinning PTO knuckle, four on each 
side of the rotation of the shaft. 90 degrees, 75 degrees, 60 degrees, and 45 degrees were selected to 
introduce the material to the PTO knuckle on the left side (as viewed from the knuckle end of the 
apparatus) of the shaft as the shaft was rotating clockwise. Corresponding angles on the right side of 
the shaft (as viewed from the knuckle end of the apparatus), as it rotates clockwise, were chosen, and 
assigned negative values of —90 degrees, -75 degrees, -60 degrees, and —45 degrees. Figure 3.11 
illustrates the orientation of angle of material introduction relative to the shaft. 
Each material type at each length was introduced to the spinning PTO shaft knuckle at each 
angle ten times. Table 3.1 illustrates the possible permutation combinations based on the number of 
variables examined in this research. 
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Figure 3.11 —Diagram of material introduction angles relative to PTO shaft 
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Table 3.1 —Permutation combinations of variables examined in this research. (each block represents 
ten replications) 
Material 
Type 
Len th g 
below 
midline 
~ -90° -45° 
_Angle 
-60° -75° 75° 60° 45° 90° 
Cotton 
thread 
Length 
3" 
Length 
4.5" 
Length 
6" 
-90° -45° -60° _ -75° 75° 60° 45° - 90° 
Cotton 
Lace 
Length 
3" 
_ 
Length 
4.5" 
Length 
6" 
-90° -45° -60° -75° 75° 60° 45° 90°
Leather 
Lace 
Length 
3" 
Length 
4.5" 
Length 
6" 
Description of Procedures 
Prior to collection of the data used in this research study, pilot tests were conducted with the 
apparatus for proper functioning to eliminate variability in the operation of the apparatus. The 
material introduction apparatus was cycled to ensure that the movement of the lead screw was fluid as 
possible and that the material block tracked properly along its alignment shafts. 
In an effort to reduce the possibility of variability within the experiment, the operational 
speed of the PTO was verified via a digital tachometer. This tachometer system includes the 
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tachometer unit and a small piece of reflective tape placed on the object of interest. While the unit is 
operating, the tachometer is placed in close proximity to the knuckle, allowing a small laser beam 
from the tachometer unit to reflect back from the reflective tape to the tachometer, which gives a 
rotational speed in revolutions per minute. Thirty readings of the rotational speed of the knuckle were 
taken before collection of data, to ensure the speed of the knuckle conformed to the accepted value set 
forth in ASAE standards for five hundred forty revolutions per minute (ASAE 5331.5, 2001; ASAE 
S203.13, 2003; SAE J2708, 1993). The knuckle rotational speed between trials, varied from a low of 
five hundred thirty six revolutions per minute, to a high of five hundred forty two revolutions per 
minute. Given this low variability, the rotational speed of the knuckle was considered a constant. 
Readings of rotational speed were taken every tenth trial during the course of data collection to ensure 
that the rotational speed of the PTO knuckle was within the limits designated by the ASAE standards. 
All measurements of the speed never varied outside the initial high and low values initially taken. 
Three materials were cut to the desired lengths and had a small piece of cotton thread tied to 
one end of them to use as a method of holding the material by the alligator clip fastened to the 
material introduction block. Pieces of cotton thread, cotton lace, and leather lace were cut to fifteen 
inches, sixteen and a half inches, and eighteen inches. At fifteen inches, the material would hang 
below .the midline of the PTO knuckle three inches. At sixteen and a half inches, the material would 
hang below the midline four and a half inches, and at eighteen inches, the material would hang below 
the midline of the knuckle six inches. 
Assigning numbers one through eight to the angles to be used in the experiment, a random 
number generator function on a Hewlett Packard HP-49G scientific calculator was used to generate a 
value. This value would correspond to a particular angle. This procedure was similarly executed for 
material type and material length, thereby giving random assignment of a particular set of 
permutation parameters to be used. This random assignment of parameters is illustrated in Table 3.2. 
Of the possible seventy-two possible permutation combinations, only thirty-six permutations were 
utilized during data collection. As seen in Table 3.2, data collected at the randomly assigned angle, 
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material type, and material length, were collected at both the negative and positive corresponding 
angles during the data collection at the randomly assigned parameter permutation. 
Table 3.2 —Permutation random sampling order (each sample block represents ten replications) 
Material 
type 
Angle 
Length 
below 
midline 
-90° -45° 
_ 
-60° -75° 75° 60° 
_ 
45° 90° 
Cotton 
thread 
Length 
3" 12a 24a la 28b _ 28a lb 24b 12b 
Length 
4 .5 9b 32a 75b 8a Sb 75a 32b 9a 
Length 
6" 21b Sb 27b 18a 18b 27a Sa 21a 
-90° -45° -60° -75° 75° 60° 45° 90° 
Cotton 
lace 
Length 
3" 26b 16b 34a 3a 3b 34b 16a 26a 
Length 
4.5" 2b 31a 20b 35a 35b 20a 31b 2a 
Length 
6" 6a 23a llb 17a 17b lla 23b 6b 
-90° -45 ° -60° -75 ° 75 ° 60° 45 ° 90° 
Leather 
lace 
Length 
3" 19b 36a l0a 60b 60a lOb 36b 19a 
Length 
4.5" 25b 4a 33b 13a 13b 33a 4b 25a 
Length 6„ 14a 29a 7b 22b 22a 7a 29b 14b 
The following procedure was used to accomplish the data collection: 
1. Material introduction motor direction switch placed in correct position for desired 
direction of travel. 
2. Material introduction motor power switch turned on to allow material introduction block 
to travel into correct position (beyond edge of PTO knuckle). 
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3. Material introduction motor power switch turned off, and directional switch placed in 
opposite position. 
4. Randomly assigned material at randomly assigned length secured to alligator clip secured 
to material introduction block. 
5. PTO motor turned on, with knuckle rotating counter-clockwise as viewe from Cardan 
end of apparatus. 
6. Rotational speed taken from knuckle (repeated every tenth trial). 
7. Material introduction directional travel switch turned on material begins to move across 
knuckle. 
a. If material entangles, code "1" in "entangle" column in data sheet (see Appendix 
A). 
b. If no entanglement, code "0" in "entangle" column in data sheet (see Appendix A). 
8. Once material has moved across width of knuckle, material introduction block power 
switched off. 
9. Directional switch on material introduction motor placed in opposite position. 
10. Repeat steps seven through nine for remaining trials until all ten replications for both 
angles are completed. 
11. Repeat entire procedure for other permutation parameters randomly assigned. 
In all, seventy-two permutation combinations were completed, at ten replications per 
permutation. This resulted in seven hundred twenty data points for analysis. . The variables explored 
in this study, and their accompanying descriptions are illustrated in Table 3.3. 
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Table 3.3 —Variable description table 
Variable Name Variable Description 
entan le g 
Dichotomous dependent variable. Coded 1 if entanglement 
occurred, and 0 of no entanglement occurred 
an 1e g 
Categorical independent variable representing. angle of 
material introduction to spinning PTO knuckle 
material Categorical independent variable, coding 1 for. cotton thread, 2 for cotton lace and 3 for leather lace 
len th g 
Categorical independent variable representing length of 
material introduced to spinning PTO knuckle 
Treatment of Data/Analysis Model 
In order to determine the statistical significance of the data collected and to answer the 
research questions posed, this study employed binary logistic regression and multiple linear 
regressions. Data analysis was facilitated through use of the SPSS statistical analysis package, version 
12.0 (SPSS). 
Logistic regression is essentially an extension of multiple regression analysis used in 
situations where the dependent variable is dichotomous or otherwise non continuous. In binary 
logistic regression applications, the categories of the dichotomous dependent variable might include 
values such as membership or non-membership in a specific group or, as is the case in this research, 
the occurrence or nonoccurrence of material entanglement. 
The resultant regression equation from binary logistic regression is used to specify 
probabilities, ranging from zero to one, of whether a subj ect (change in independent variable) will fall 
into one category of the dependent variable or the other. 
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Logistic regression requires that no assumptions about the distributions of the predictor 
variables (independent variables) be made by the researcher. The independent variables need not be 
normally distributed, linearly related, or have equal variances within each group. Logistic regression 
-also has the capacity to analyze predictor variables of all types, continuous, discrete, and dichotomous 
(Mertler and Vannatta, 2002). 
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CHAPTER 4: PRESENTATION OF RESULTS 
Introduction 
A sample of N=720 data points was collected as a result of the experiment utilizing the PTO 
apparatus, and analyzed using the binary logistic regression feature of the SPSS statistical analysis 
package, version 12.0, following an established protocol as laid out in Mertler and Vannatta (2002). 
Prior to analysis, the variable of entangle was coded as dichotomous, and applied the following 
values: 1=entanglement occurred, 0=no entanglement occurred. A preliminary multiple linear 
regression analysis was performed to evaluate multicollinearity among the predictor variables. Data 
were screened for missing values and extraneous values using Mahalanobis Distance. Binary logistic 
regression was then conducted using the Enter method (Mertler and Vannatta, 2002). Table 4.1 shows 
the number of entanglements that occurred under the different permutation combinations. Each cell 
in Table 4.1 represents a permutation combination of a specific angle, for a specific material type, at a 
specific length. Each permutation cell is divided t0 differentiate between the sides of the PTO 
knuckle. Entanglements occurring on the left side of the knuckle are numerically represented on the 
left side of the cell. Similarly, entanglements occurring on the right side of the PTO knuckle are 
numerically represented on the right side of the cell. 
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Table 4.1 —Permutation combinations with number of entanglements per permutation 
Material 
Type 
Length 
below 
midline 
Angle 
-90° -75 ° -60° -45 ° 45 ° 60° 75 ° 90° 
Cotton 
thread 
Length 
3" 
10 
0 
9 
0 
5 
0 
3 
0 
0 
0 
0 
0 ~ 
8 
0 
9 
0 
Length 
4.5" 
10 
0 
i 0 
0 
7 
0 
5 
0 
1 
0 
2 
0 
9 
0 
9 
0 
Length 
6" 
10 
0 
10 
0 
9 
0 
7 
0 
2 
0 
3 
0 
9 
0 
10 
0 
-90° -75 ° -60° -45 ° 45 ° 60° 75 ° 90° 
Cotton 
lace 
Length 
3" 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
Length 
4.5" 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
Length 
6" 
3 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
0 
-90° -75 ° -60° -45 ° 45 ° 60° 75 ° 90° 
Leather 
Lace 
_6" 
Length 
3" 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
Length 
4.5" 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
Length 1 
0/' 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
Entanglement on left side o 
knuckle 
Entanglement on 
right side of knuckle 
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Multiple Linear Regression 
The collected data was initially analyzed using a multiple linear regression model in SPSS, to 
screen the data for collinearity. According to Mertler and Vannatta (2002), when two independent 
variables are highly correlated, they both convey essentially the same information. In this case, 
neither may contribute significantly to the model after the other one is included. Together, these 
variables contribute a large amount to the model. If both variables were removed from the model, the 
fit of the resulting model will decrease. In this example, the overall model fits the data well, but 
neither independent variable makes a significant contribution when it is added to the model last. 
When this happens, the independent variables are said to be collinear and the results show 
multicollinearity. Table 4.2 illustrates the results of the multicollinearity diagnostic performed on the 
data in this research. 
Table 4.2 — Collinearity diagnostics of research data 
Unstandardized 
Coefficients 
Standardized 
Coefficients 
Collinearity 
Statistics 
Model B Std. Error Beta t Slg• Tolerance VIF 
1 (Constant) 0.731 0.055 13.387 O.000a 
Angle -0.001 0.000 -0.089 -3.093 0.002a 1.000 1.000 
Length. 0.032 0.010 0.093 . 3.243 O.00Ia 1.000 1.000 
Material -0.323 0.075 -0.627 -21.855 O.000a 1.000 1.000 
Dependent Variable: Entangle 
a. Statistically significant at the p<0.05 level 
Tolerance statistics for variables having reported values less than 0.1 are said to be collinear, 
and such variables should be eliminated from the analysis, or .combined with other variables in an 
effort to eliminate these effects (Mertler and Vannatta, 2002). As seen in Table 4.2, all values in the 
Tolerance column under Collinearity Statistics exceed 0.1, and are therefore not collinear. This 
means that no two variables in the model are highly correlated with one another, or convey the same 
information. Restated, all variables used and analyzed in this research are independent of one 
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another. Of the three variables presented for analysis, all three variables (angle, material, and length) 
are statistically significant at the p<_0.05 level. These statistically significant variables are used in the 
Mahalanobis outliers test and in the binary logistic regression. 
Mahalanobis Distance ~ 
The second screening tool suggested for use prior to binary logistic regression by Mertler and 
Vannatta (2002) is that of Mahalanobis distances. Mahalanobis distance is a measure of how much a 
case's values on the independent variables differ from the average of all cases. A large Mahalanobis 
distance identifies a case as having extreme values on one or more of the independent variables 
(Mertler and Vannatta, 2002). Mahalanobis distance is computed in SPSS, and the resulting output 
can be seen in Tables 4.3 — 4.6. The resultant in the Value column is compared against aChi-squared 
value at n-1 degrees of freedom. If a resultant in the Value column is larger than the compared Chi- 
squared value, the case number (or permutation number in the example of this research) has one or 
more variables at that case (permutation) with an extreme value. This case should be eliminated from 
the analysis, to facilitate a model fit uninfluenced by the effects of outliers on the regression. 
For this research, the Mahalanobis distance was compared against aChi-squared value at two 
degrees of freedom. Noting Table 4.2, only three factors were statistically significant, as evidenced 
by a p-value of less than 0.05. This Chi-squared value ofx2(2)=13.816, p=0.001 was compared 
against the resultant values in the Value column for each variable. Tables 4.3-4.5 show that no cases 
produced values greater than the Chi-squared value at two degrees of freedom of 13.816. Reported 
values in the Mahalanobis Distances table less than the Chi-squared value for specified. degrees of 
freedom indicates that no particular cases have extreme values of any independent variable(s), and are 
therefore not considered outliers (Mertler and Vannatta, 2002). 
49 
Table 4.3 - Mahalanobis distance comparing entanglement and the independent variable "angle" 
Extreme Maximum Values 
Chi-Square 
Dependent Comparison Value Outlier 
Variable Angle Values Number Case Number Value ~d~2~ ~ 
1 1 1.00 13.816 No 
2 2 1.00 13.816 No 
-90.00 Highest 3 3 1.00 13.816 No 
4 4 1.00 13.816 No 
5 S 1.00 13.816 No 
1 11 1.00 13.816 No 
2 12 1.00 13.816 No 
-75.00 Highest 3 13 1.00 13.816 No 
4 91 1.00 13.816 No 
5 92 1.00 13.816 No 
1 21 1.00 13.816 No 
Z 22 1.00 13.816 No 
-60.00 Highest 3 23 1.00 13.816 No 
4 24 1.00 13.816 No 
5 25 1.00 13.816 No 
1 31 1.00 13.816 No 
2 32 1.00 13.816 No 
Entangle -45.00 Highest 3 33 1.00 13.816 No 
4 34 1.00 13.816 No 
5 35 1.00 13.816 No 
1 41 1.00 13.816 No 
2 42 1.00 13.816 No 
45.00 Highest 3 43 .1.00 13.816 No 
4 44 1.00 13.816 No 
5 45 1.00 13.816 No 
1 131 1.00 13.816 No 
2 132 1.00 13.816 No 
60.00 Highest 3 211 1.00 13.816 No 
4 212 1.00 13.816 No 
S 213 1.00 13.816 No 
1 141 1.00 13.816 No 
2 221 1.00 13.816 No 
75.00 Highest 3 222 1.00 13.816 No 
4 61 1.00 13.816 No 
5 34 1.00 13.816 No 
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Table 4.3 —continued 
Dependent 
Variable Angle Values 
Number Case Number Value 
Chi-Square 
Comparison Value 
~d~2~ 
Outlier 
~ 
Entangle 
90.00 Highest 
1 
2 
3 
4 
5 
71 
72 
73 
74 
75 
1.00 
1.00 
1.00 
1.00 
1.00 
13.816 
13.816 
13.81 ¢ 
13.816 
13.816 
No 
No 
No 
No 
No 
Table 4.4 - Mahalanobis distance comparing entanglement and the independent variable "material" 
Extreme Maximum Values 
Dependent 
Variable 
Material 
Type Values Number Case Number Value 
Chi-Square 
Com arison Value p 
(df=2) 
Outlier? 
1 1 1.00 13.816 No 
1 -cotton 2 2 1.00 13.816 No 
thread Highest 3 3 1.00 13.816 No 
4 4 1.00 13.816 No 
5 5 1.00 13.816 No 
1 321 1.00 13.816 No 
2 -cotton 2 401 1.00 13.816 No 
lace Highest 3 402 1.00 13.816 No 
Entangle 4 403 1.00 13.816 No 
5 471 1.00 13.816 No 
1 641 1.00 13.816 No 
3 -leather 2 711 1.00 13.816 No 
lace 
h tHig es 3 481 1.00 13.816 No 
4 482 1.00 13.816 No 
5 483 1.00 13.816 No 
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Table 4.5 - Mahalanobis distance comparing entanglement and the independent variable "length" 
Extreme Maximum Values 
Dependent 
Variable 
Length Value Number Case Number Value Chi-Square 
Comparison Value 
(df=2) 
Outlier 
? 
1 1 1.00 13.816 No 
2 2 1.00 13.816 No 
3.00 Hi hest g 34 
3 
4 
1.00 
1.00 
13.816 
13.816 
No 
No 
5 5 1.00 13.816 No 
1 81 1.00 13.816 No 
2 82 1.00 13.816 No 
Entan le g 4.SO Hi hest g 34 
83 
84 
1.00 
1.00 
13.816 
13.816 
No 
No 
5 85 _ 1.00 13.816 No 
1 161 1.00 13.816 No 
2 162 1.00 13.816 No 
6.00 Hi hest g 34 
163 
164 
1.00 
1.00 
13.816 
13.816 
No 
No 
5 165 _ 1.00 13.816 No 
Binary Logistic Regression 
Upon passing the test of multicollinearity, binary logistic regression was performed using the 
Enter method. This method of analysis employs anon-stepwise selection of independent variables 
used in the analysis, with entry of the independent variables into the model regardless of whether or 
not they are significantly related to the dependent variable. Based on the significance of the score 
statistics for the three variables angle, material, and length form Table 4.2, the Enter method was 
utilized to let SPSS build the model. Initially, the model is run with only a constant term, which 
assumes that all independent variables presented for analysis are equal to zero. The resultant from 
this initial running of the model with only the constant in the model can be seen in Table 4.7. The 
result from this run is the initial chi-square, which reflects the error associated with the model when 
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only the intercept is included in the model. That is, initial chi-square is -2Log Likelihood for the 
model (deviance), which accepts the null hypothesis that all the "b" coefficients are zero. SPSS calls 
this the initial log likelihood function -2 Log Likelihood. At a later point in the analysis of the data, 
.this initial -2Log Likelihood is compared to the resulting -2Log Likelihood (Chi-square) when all the 
independent variables are Included in the model. The -2Log Likelihood is useful to the- analysis of 
data, because the -2Log Likelihood has approximately achi-square distribution, and can be used for 
assessing the significance of logistic regression. The -2Log Likelihood statistic is the scaled deviance 
statistic -for logistic regression. It is called a goodness of fit test in SPSS, although some researchers 
term it a badness of fit test because deviance reflects error associated with the model even after the 
independents are included in the model. It thus has to do with the significance of the unexplained 
variance in the dependent variable (Mertler and Vannatta, 2002). Tables 4.6-4.10 and accompanying 
description present the output resulting from binary logistic regression of the data in this research. 
Table 4.6 —Case Processing Summary 
Unweighted Cases N Percent 
Selected Cases Included in 
Analysis 720 100.0 
Missing Cases 0 0.0 
Total 720 100.0 
Unselected Cases 0 0.0 
Total 720 100.0 
Of the seven hundred twenty cases presented for analysis, all were included in the analysis, as 
evidenced by Table 4.6. 
When the parameter estimates, or the estimates of the parameters of the model based on the 
observed data (-2 Log Likelihood) change by less than 0.001, the model is completed, and the results 
are presented, (Table 4.7). 
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Table 4.7 — .Iteration History 
Iteration -2 Log Likelihood 
Coefficients 
Constants
Step 0 1 
2 
3 
4~ 
777.294 
775.107 
775.105 
775.1 OSb
-1.083 
-1.209 
-1.213 
-1.213 
a. Constant is included in the model. 
b. Initial -2 Log Likelihood: 775.105 after iterations 
c. Estimation terminated at iteration number 4 because parameter estimates changed by less than 
.001. 
As seen in Table 4.7, SPSS needed only four iterations (repetition of the calculations of the 
model, each time improving the results), for the parameter estimates to change by less than 0.001. 
After the iterations have been performed by SPSS, the coefficients of the model are analyzed, using 
the differences in -2Log Likelihood, which give an indication of how much unexplained variance 
remains in the model with the variables present. 
Table 4.8 —Omnibus Tests of Model Coefficients 
Chi-square df p-value 
Step 1 Step 566.628 11 O.000s
Block 566.628 11 O.000s
Model 566.628 11 O.000s
a Statistically significant at the p<_0.05 level 
Table 4.8 presents the Omnibus Tests of Model Coefficients, which are the iterations of the 
model. As the Enter method was employed for entering the independent variables into the model, 
.which enters all independent variables at once, only one step is reported in the SPSS output. Step 
one, as seen in Table 4.8, has degrees of freedom (df) =11, which corresponds to n- I degrees of 
freedom for each of the three variables presented for analysis (eight degrees of freedom for eight 
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angles, three degrees of freedom for three material types, three degrees of freedom for three lengths 
used = (8-1) + (3-1) + (3-1) =eleven degrees of freedom). The reported Chi-square values under 
Step, Block, and Model in Table 4.8 are the results of the test whether or not the variables entered 
into the equation have a significant effect on the dependent variable. As the Enter method of entering 
the independent variables was utilized, the Chi-square values are the same for all three rows. Based 
on the value under the Sig. column of 0.000, which is less than the commonly accepted p-value of 
0.05 for statistical significance, all three variables entered into the model have a statistically 
significant effect on the dependent variable. 
The next section of SPSS output of the binary logistic regression analysis is that of the Model 
Summary. The Model Summary shows the ending -2Log Likelihood, which is the difference 
between the -2Log Likelihood of the initial run of the model (no independent variables included in 
the model), and the Chi-square value of the model with all the independent variables included in the 
model. More specifically, and in the case of this data analysis, the ending -2Log Likelihood is: 
Ending -2Log Likelihood =Beginning -2Log Likelihood (From Table 4.7) —Chi-square 
(From Table 4.8) 
Ending —2Log Likelihood = 775.105 — 566.628 
Ending —2Log Likelihood = 208.477 (Table 4.9) 
The Model Summary shown in Table 4.9 also shows two R2 values, Nageikerke, and Cox & 
Snell. These R2 values are typically referred to as "pseudo R2 values, as they are an attempt to 
generalize the coefficient of determination (variance) in terms as would be familiar to someone who 
is familiar with linear regression models. The ending -2Log Likelihood value reported in Table 4.9 
is the difference between the beginning model with only the constant, and the model with all the 
independent variables present in the model. Analogous to aleast-squares R2, the ending -2Log 
SS 
Likelihood can be considered the residual variance, that is, the variance not explained by the model 
between the constant-only model, and the model with all independent variables present (Mertler and 
Vannatta, 2002). 
Table 4.9 -- Model Summary 
Step -2 Log likelihood Cox & Snell R Square Nagelkerke R Square 
1 208.477 0.545 0.826 
Cox and Snell R2 is one of the "pseudo" R2 values reported by SPSS, and is an R2 statistic 
somewhat analogous to the RZ used in least-squares regression. This value has no specific nor 
explicit meaning, and the use or nonuse of this statistic is debated in logistic regression (Pampel, 
2000). More useful to assess the fit of the logistic model is the use of the classification table as is 
seen in Table 4.10. 
The model has a high accuracy of predicting group membership, or classifying subjects (the 
individual trials used in this research) into the appropriate group (entanglement or non-entanglement), 
based on the values of the independent variables (see Table 4.10). Overall percent correct predictions 
for this model with all three independent variables present in the model are 94.0%. The classification 
table compares the predicted values for the dependent variable, based on the regression model, 
against the actual observed values in the data. 
Table 4.10 —Classification Table 
Observed 
Predicted 
Entangle 
1 Percentage Correct 0 
Step 1 Entangle 0 541 14 97.5 
1 29 136 82.4 
Overall Percentage 94.0 
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The final component of the analysis of binary logistic regression is the interpretation of the 
coefficients that correspond to the variables in the model, as shown in Table 4.11. The "B" 
coefficients for the variables correspond to the variable contribution to the overall probability of 
entanglement. It is these "B" coefficients that are used in the logistic regression equation to show the 
l change in the dependent variable (entangle), based on changes in the independent variables (angle, 
material, and length). 
Values under the Exp(B) column correspond to what is termed log odds. These values are 
obtained by raising e, the base of the natural logarithms (2.71828...), to the power of the "B" 
coefficients. The log odd for a particular variable indicates the odds of an event occurring (in this 
case, the odds of a material entanglement), by comparing the Exp(B) value of a particular category to 
the reference in that category, neglecting the effects of the other independent variables. 
Table 4.11 -Variables in the Equation 
B S.E. Wald df Sig. (p-value) Exp(B) 
Step 1 Material 83.755 2 0.000 
Cotton thread 8.780 1.085 65.514 1 0.000 6,502.405 
Cotton lace 1.275 0.853 2.032 1 0.754 3.371 
Angle 72.761 7 0.000 
-90° 1.245 0.836 2.217 1 0.136 3.473 
-45° -4.091 0.971 17.746 1 ~ 0.000 0.017 
-60° -3.083 0.968 10.751 1 0.001 0.046 
-75° -0.926 0.992 0.870 1 0.351 0.396 
75° -1.991 0.990 4.046 1 0.044 0.137 
60° -5.989 1.049 32.619 1 0.000 0.003 
45° -6.660 1.113 3 5.45 8 1 0.000 0.001 
Length 20.146 2 0.000 
3 inches -2.312 0.517 19.995 1 0.000 0.099 
4.5 inches -1.246 0.463 7.23 8 1 0.007 0.288 
Constant -3.502 0.959 13.328 1 0.000 0.060 
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As all variables presented for analysis in this research are categorical variables, the 
interpretation of the resultant coefficients is done with respect of the degree of change in the odds of 
entanglement as angle, material, or length is changed from one category of that particular variable to 
the next category of the variable. The variables in this research were considered categorical since 
there are no changes of the values of the variables at a particular permutation combination (angle does 
not change from run to run of the permutation, nor does the length of material extending below the 
midline of the PTO knuckle, or the type of material change). SPSS, when performing the logistic 
regression involving categorical data, references all categories of the categorical data against a chosen 
reference category. In this research, the last category of each variable was chosen for the reference 
category for each variable. This facilitates easier interpretation of the resultant log-odds (Mertler and 
Vannatta, 2002). 
Material, having three categories, and thus two degrees of freedom, is represented in Table 
4.11 with two entries —cotton thread and cotton lace, with leather lace as the reference category. 
Interpreting the log odds for material, the odds of entangling type one material (cotton thread) are 
6,502.405 times the odds of entangling material type three (leather lace). The odds of entangling type 
two material (cotton lace) are 3.371 times the odds of entangling material type three (leather lace). 
Angle, having eight categories, and thus seven degrees of freedom, is represented in Table 
4.11 with seven entries - -90°, -45°, -60°, -75°, 75°, 60°, 45°, with 90° as the reference category. 
Interpreting the log odds for angle, the odds of entangling material introduced to the spinning knuckle 
at -90° are 3.473 times the odds of entangling materials introduced at the reference category of 90°. 
The odds of entangling material introduced to the spinning knuckle at category two -45° are 0.017 
times the odds of entangling material introduced to the spinning knuckle at the reference category 
90°. Similar rationale is used for interpretation of the log odds for the remaining angle categories. 
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Length, having three categories, and two degrees of freedom, has two entries in table 4.11 — 
three inches and four and a half inches, with six inches as the reference category. The odds of 
entangling materials extending three inches below the midline of the PTO knuckle (category one) are 
.0.099 times the odds of entangling materials extending six inches (reference category) below the 
midline of the PTO knuckle. The odds of entangling materials extending four and a half inches below 
the midline of the PTO knuckle (category two) are 0.288 times the odds of entangling materials 
extending six inches (reference category) below the midline of the PTO knuckle. 
In addition to the analysis of the model including all independent variables at one time, 
individual analyses of each variable were performed to investigate individual contributions of each 
variable to the overall fit of the model. The Hosmer and Lemeshow Goodness of Fit test was 
performed on the model via an option in the selection menus within SPSS for the binary logistic 
regression analysis. The result of this test is shown in Table 4.12. The Hosmer and Lemeshow 
Goodness of Fit test is a goodness of fit test based on achi-square distribution with n -2 degrees of 
freedom, which groups cases of the data into deciles of probability, and compares the calculated 
probability and the observed proportions within each decile (Mertler and Vannatta, 2002). Small 
values ofchi-square and a large p-value (significance) indicate that the data do not significantly differ 
from the model created in the analysis. 
Table 4.12 —Hosmer and Lemeshow goodness of fit statistic for whole model 
Step Chi-square df p-value 
1 3.084 8 0.929 
With three independent variables included in the model, the degrees of freedom was 
calculated as n-Z for each of three variables {(eight angles-two)+(three materials-two)+(three lengths- 
two)} results in eight degrees of freedom for whole model. Table 4.13 shows that there is no 
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significant difference between the observations and the calculated probabilities of entanglement of a 
specific material type, introduced at a specific angle, with a specific amount of that material 
extending below the midline of the spinning PTO knuckle. Table 4.13 shows that the model 
generated during analysis is a very good fit to the data with regards to the three independent variables 
presented for analysis, "angle," "material," and "length." 
Figures 4.1 — 4.9 are graphical representations of the relationships between the calculated 
independent variable probabilities (angle, material, and length), the observed data, and the dependent 
variable. Each figure is a model of how that particular variable affects the probability of material 
entanglement. 
Considering the model as a whole, figures 4.1-4.9 show the relationship between the 
calculated probability of an entanglement occurring at a specific angle, of a specific material type, at 
a specific length of that material extending below the midline of the PTO knuckle, and the observed 
proportion of trials at the permutation combinations that did result in entanglements during data 
collection. The following figures have been separated by material type to facilitate easier 
dissemination of the information. 
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Figures 4.1-4.3 show the relationship between the calculated probabilities of material 
entanglement and the observed proportion of entanglements for the experimental permutation 
combinations associated with cotton thread. From the information in figures 4.1-4.3, there should be 
a relatively high number of entanglements overall, and with the entanglements occurring with 
material type one (cotton thread). The observed data agrees with the calculated probabilities to a high 
degree. Of two hundred forty introductions of cotton thread to the spinning PTO knuckle, one 
hundred fifty seven entanglements occurred. 
Figures 4.4-4.6 show the relationship between the calculated probabilities of material 
entanglement and the observed proportion of entanglements for the experimental permutation 
combinations associated with cotton lace. From the information in figures 4.4-4.6, there should be a 
relatively low number of entanglements overall, and with the entanglements occurring with material 
type two (cotton lace). The observed data agrees with the calculated probabilities to a high degree. 
Of two hundred forty introductions of cotton lace to the spinning PTO knuckle, six entanglements 
occurred. 
Figures 4.7-4.9 show the relationship between the calculated probabilities of material 
entanglement and the observed proportion of entanglements for the experimental permutation 
combinations associated with leather lace. From the information in figures 4.7-4.9, there should be a 
relatively low number of entanglements overall, and with the entanglements occurring with material 
type three (leather lace). The observed data agrees with the calculated probabilities to a high degree. 
Of two hundred forty introductions of cotton lace to the spinning PTO knuckle, two entanglements 
occurred. 
Summary 
Binary logistic regression tests the ability of a model or group of variables to predict group 
membership as defined by a dichotomous dependent variable, which is to say it actually predicts the 
probability of membership occurring, varying from zero to one. The analysis output for this research 
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consisted of the permutation combinations (table 4.1), Collinearity diagnostics and Mahalanobis 
outliers tests (tables 4.2-4.5), case summary (table 4.6), iteration history (table 4.7), omnibus test of 
model coefficients (table 4.8), model summary information (table 4.9), classification table (table 
4.10), model variables (table 4.11), goodness of fit tests (table 4.12), and presented the information 
graphically in figures 4.1-4.9. 
Results 
The data collected in this research study was tested against the three research questions posed 
in Chapter 2: 
RQ1: Does variation of the type of material introduced to the spinning PTO shaft knuckle change the 
probability of an entanglement? 
Based on the observations during data collection, the type of material introduced to the 
spinning PTO knuckle does have an effect on whether or not that material will become entangled. Of 
one hundred sixty-five entanglements during the collection of this research data, one hundred fifty-
seven of these entanglements occurred with cotton thread, six occurred with cotton lace, and only two 
entanglements occurred with leather lace. The log odds for material (see table 4.11) state that the 
odds of entangling cotton thread are 6502.405 times the odds of entangling leather lace. The odds of 
entangling cotton lace are 3.371 times the odds of entangling leather lace. 
RQ2: Does variation in the length of material extending below the midline of the spinning PTO shaft 
knuckle influence the probability of an entanglement? 
Based on the observations during data collection, changing the length of material extending 
below the midline of the spinning PTO knuckle does have an effect on the odds of that material 
becoming entangled. Of the one hundred sixty-five entanglements observed during the data 
collection, forty-four entanglements occurred with materials extending three inches below the PTO 
knuckle midline, fifty-four entanglements occurred with materials extending four and a half inches 
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below the midline of the PTO knuckle, and sixty-seven entanglements occurred with materials 
extending six inches below the midline of the PTO knuckle. The log odds for length (see table 4.11), 
state that the odds of entangling materials extending only three inches below the midline of the PTO 
knuckle are 0.099 times the odds of entangling materials extending six inches below the PTO knuckle 
midline. The odds of entangling materials extending four and a half inches below the midline of the 
PTO knuckle are 0.288 times the odds of entangling materials extending six inches below the PTO 
knuckle midline. 
RQ3: Does changing the angle at which the material is introduced to the spinning PTO shaft knuckle 
in reference. to the longitudinal axis of the shaft change the probability of an entanglement? 
Based on the observations during data collection, changes in the angle at which material is 
introduced to the spinning PTO knuckle, changes the odds of that material entangling in the knuckle. 
Of one hundred sixty-five entanglements during the collection of this research data, thirty-five 
entanglements occurred at negative ninety degrees, fifteen occurred at negative forty-five degrees, 
twenty-one occurred at negative thirty degrees, twenty-nine occurred at negative fifteen degrees, 
twenty-six occurred at fifteen degrees, five occurred at thirty degrees, three occurred at forty-five 
degrees, and thirty-one occurred at ninety degrees. The log odds for angle (see table 4.1 I) state that 
the odds of entangling material introduced to the spinning PTO knuckle- at -90° are 3.473 times the 
odds of entangling materials introduced to the spinning PTO knuckle at 90°. The odds of entangling 
materials introduced at -45° are 0.017 times the odds of entangling materials at 90°. .Similar rationale 
is used to interpret the log odds for the remaining angles. 
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CHAPTER 5: REVIEW, DISCUSSION, AND IMPLICATIONS 
Review of Objective 
The objective of the research study was to gather data regarding the physical parameters that 
may influence the probability of material entanglements in spinning PTO shafts, particularly at the 
knuckle joint. This research was necessary, as there was no existing research that had examined this 
particular area of study. The completion of this study allows for subsequent research that can analyze 
additional factors in order to eventually generate an encompassing model of material entanglements, 
which in the future, may allow for new injury incident prevention strategies. 
Research Question Findings 
All three factors chosen for study were determined to be statistically significant (p<0.05) 
during the analysis of the data. The trends observed during the collection of the data (certain angles 
entangled material more frequently, certain material types entangled with greater frequency, and 
longer materials entangled more frequently) and the analysis of the research data are in agreement. 
According to the calculated probability of material entanglement with material type as the 
factor of interest, with leather lace as the reference category, cotton thread should have entangled 
more frequently than did cotton lace. Cotton lace should have entangled more frequently than leather 
lace. The data collected in this research concurs with the calculated probabilities associated with 
different material types becoming entangled in the spinning PTO knuckle. Table 5.1 shows the 
comparison between the calculated probability of entanglement for different material types, and the 
observed proportion of trials that entangled during the data collection. 
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Table 5.1 —Comparison of calculated probability and observed proportions by material type 
Material Type Calculated Probability Observed Proportion of Entanglement _ 
cotton thread 
cotton lace 
leather lace 
0.654 
0.025 
0.008 
0.654 
0.025 
0.008 
There exists a strong relationship between angle of material introduction, and the probability 
of material entanglement. Frequently during the data collection process, materials that were 
introduced at positive angles, or in the direction of rotation of the PTO knuckle (left side of the 
knuckle as viewed from the cardan end of the apparatus), would contact the spinning knuckle and be 
deflected to the other (right) side of the shaft, were they would sometimes become entangled, 
depending on material type. This occurred most frequently for angles closer to ninety degrees from 
the longitudinal axis of the spinning PTO knuckle. Table 5.2 illustrates the relationship between 
angle of material introduction to the shaft, and the calculated probability of entanglement versus the 
observed proportion of trials that did entangle. Any entanglements for positive angle values were the 
result of material contacting the knuckle, being cast over the knuckle, then becoming entangled on the 
downward side of rotation of the knuckle. 
Table 5.2 —Comparison of calculated probability and observed proportions by angle of introduction 
Angle of Introduction Calculated Probability Observed Proportion of Entanglement 
-90 0.388 0.390 
-75 0.322 0.320 
-60 0.233 ~ 0.230 
-45 0.166 0.170 
45 0.033 0.030 
60 0.055 0.060 
75 _0.288 0.290 
90 0.3.44 0.340 
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As with the factors of material type and angle of material introduction, there is a strong 
relationship between the length of material extending below the midline of the PTO knuckle, and the 
probability of that length of material becoming entangled. During data collection, it was observed 
that materials that extended below the midline of the spinning PTO knuckle four and a half inches 
became entangled more frequently than did materials extending only three inches. Materials 
extending below the PTO knuckle midline six inches entangled more frequently than did materials 
extending four and a half inches below the midline. Table 5.3 shows the comparison between the 
calculated probabilities of entanglement versus the observed proportions of entanglement for 
materials extending different lengths below the .midline of the spinning PTO knuckle. 
Table 5.3 —Comparison of calculated probability and observed proportions by length of material 
below PTO knuckle midline 
Length Calculated Probability Observed Proportion of Entanglement 
3 inches 0.182 0.179 
4.5 inches 0.235 0.225 
6 inches 0.283 0.279 
Discussion of Problems 
Limitations of Study 
This experimental research was limited by a number of factors beyond the researcher's 
control. The nature of the pilot study, with it's use of a constructed experimental apparatus, is limited 
in the applicability of the results, as the researcher was unable to use an existing tractor-PTO-
implement apparatus. Due to lack of availability of equipment, the researcher had to limit the study to 
a constructed experimental apparatus, as opposed to the usage of an actual tractor-PTO-implement 
setup. The usage of this experimental _apparatus affected the time of completion of this research 
study, as the apparatus had to be designed, constructed, and tested before its implementation in this 
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study. The use of an actual tractor-PTO-implement setup, while seemingly more applicable to the 
research proposed, would have required substantially more safety concessions than the experimental 
apparatus, and it was deemed beyond the scope of this pilot study to use an actual agricultural 
equipment setup to collect the data used in this pilot study. The results of this study, therefore, 
should not be considered representative of all PTO equipment setups in operation in agriculture or 
general industry, and should only be considered representative for this research performed on the 
experimental apparatus used in this research. 
Delimitations of Study 
The research study discussed was purposely limited in a number of ways. The researcher 
chose only a few factors that were hypothesized to influence the probability of the occurrence of a 
material entanglement with a spinning PTO shaft knuckle. Undoubtedly, there are a plethora of 
factors that "could" influence the outcome of entanglements, such as angle of the shaft relative to the 
ground, angle of the shaft relative to the long axis of the shaft, amount of debris (mud, manure, rust, 
etc.) on the PTO shaft, temperature, wind speed and direction, type of connection of cardan joint to 
shaft (recessed set-screws, spring pins, bolts, etc.), guarded versus unguarded knuckles, speed of 
rotation, angle of introduction of material along a vertical axis, time material is in contact with 
spinning knuckle, etc.. Given the number of factors the researcher did choose to incorporate and test 
during the course of the research, seven-hundred twenty data points were generated, which the 
researcher deemed adequate to perform an analysis and interpret the results of that analysis. It should 
be stressed that due to the delimitations imposed by the researcher for this experimental study, the 
results are not necessarily representative of all PTO shafts on all agricultural machinery in all 
geographic regions. Nor are they necessarily representative of material entanglements in all weather 
conditions, all physical permutations of the shaft's position relative to the tractor and implement, or 
all permutations of the physical condition of the PTO shaft, knuckle, and any guards or shields that 
may be present. 
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Conclusions 
Based on the results of this study, the following conclusions may be drawn: 
1. Different types of materials have different probabilities of becoming entangled in the 
spinning PTO knuckle. Lighter materials, cotton thread for example, entangle more 
readily in the PTO knuckle than do heavier materials such as cotton lace or leather lace. 
Lighter materials are more easily influenced by the movement of air around the PTO 
knuckle due to its rotational motion, and are either drawn towards the knuckle or blown 
away from the knuckle, depending on direction of travel of the material. See Appendix A 
and B. 
2. The angle at which a material is introduced to a spinning PTO knuckle does influence the 
probability of that material becoming entangled in the knuckle. See Appendix A and B. 
a. All entanglements of materials in the spinning PTO knuckle happen on the 
downward side of the shaft's rotation. 
i. Although all material entanglements occurred on the downward side of 
rotation of the knuckle, some trials in the research that resulted in an 
entanglement were the result of material being introduced to the upward 
side of rotation, and the material being cast over the knuckle, where it 
entangled on the downward side of the spinning PTO knuckle. 
ii. Angles further away from the direct line perpendicular to the shaft had 
substantially fewer entanglements than did angles closer to the 
perpendicular line to the shaft. Lighter materials such as the cotton 
thread were influenced by the airflow caused by the knuckle joint, acting 
somewhat like a fan, keeping the material away from the knuckle. 
3. Different lengths of material extending below the midline of the PTO knuckle have 
different probabilities of becoming entangled. Longer materials (more material 
extending below the midline of the PTO knuckle) have higher probabilities of becoming 
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entangled in the spinning PTO knuckle than do shorter materials. See Appendix A and 
B. 
Practical Implications 
It is hoped that this research can and will be scrutinized, replicated, and expanded upon to 
further refine the modeling of PTO entanglements. Only by determining all the factors that affect the 
probability of material entanglements, can intervention strategies, educational methods, shielding 
designs, etc., be developed, tested, and implemented to help in the education of farm workers about 
the hazards of PTOs, and reduce or eliminate the injuries which result from the unintentional 
interaction between farm workers and these PTO components. 
Determination of the factors that influence the occurrence or non-occurrence of material 
entanglements in spinning ,PTO shaft knuckles may allow for future redesign of PTO components, 
including the Input Implement Connection (IIC), Implement Input Driveline (IID), the shaft itself, 
and any guarding mechanisms employed. This redesign of the PTO may allow for a new method of 
power ,transmission between tractor and implement to be designed, which exposes the worker to 
lesser hazard. 
While this research has focused on PTOs, as they exist in agricultural settings, there are 
similar power transmission drivelines in other industry settings. Construction will often use aPTO-
driven pump to drain water from the ground around pylons, for example. Manufacturing facilities 
may have large shaft-driven pumps or fans for air circulation or ventilation or other purposes. Oil 
exploration often uses shaft-driven pumps to pump cutting retrieval fluid from the well. The research 
presented in this study is, or could be, applicable to settings such as these as well. Only through 
expanding the research in the future, can the possible applicability to other power transmission 
driveline examples be determined, and those drivelines redesigned or workers better educated on the 
hazards associated with these drivelines, to reduce or eliminate incidents and injuries. 
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Directions for Future Study 
The following recommendations are made for future research regarding the entanglement of 
materials in PTO knuckles/shafts: 
• Replicate this research study using the factors used in this research, and add the following as 
factors in subsequent research studies: 
In addition to the PTO being run at five hundred forty revolutions per minute, collect 
data with the PTO knuckle rotating at one thousand revolutions per minute to 
determine the speed of the PTO knuckle's rotation that results in more frequent 
entanglements. 
The knuckle joint used in this research was Lined up along the axis of rotation of the 
knuckle (angular phase). Future research should collect data with the materials 
introduced to the shaft are done so with the knuckle at an angle along its rotational 
axis (not in angular phase). As there undoubtedly times in agricultural settings where 
the PTO knuckle is not in perfect alignment, a result of the angle between the tractor 
and the implement, future research should analyze whether or not the angular phase 
of the PTO knuckle influences the probability of an entanglement. 
The knuckle joint used in this research was connected to its shaft via recessed 
setscrews. As .this made the knuckle virtually smooth, there existed no way to 
determine whether or not the presence of knuckle protrusions contributed to the 
probability of material becoming entangled in the knuckle. Future research should 
use different knuckles in different states of serviceability (very smooth to very rusty, 
very clean to very dirty (dirt, manure, etc.). In addition, different methods of 
connecting the knuckle to the shaft should be used (spring pins, through-bolts, etc.) 
should be present to see whether these different knuckle conditions influence the 
probability of a material entanglement. 
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This research employed angles of material introduction to the shaft along a horizontal 
plane only. Future research should employ not only angles along the horizontal 
plane,. but also angles of introduction along a vertical plane, to see if these angles 
influence the probability of material entanglement in a spinning PTO knuckle. In this 
material extendin below the midline of the PTO knuckle research, the length of g 
remained constant. By altering the angle in the vertical plane at which material is 
introduced to the shaft, however, the length of material below the midline of the shaft 
would change as the material approaches or leaves the proximity of the spinning 
knuckle. 
The speed at which the material was introduced to the spinning PTO knuckle was 
constant, governed by the speed of the material introduction motor. Future research 
should employ a method of varying the speed at which the material is introduced to 
the knuckle, to alter the time the material is in contact with the knuckle. The length 
of time a material is in contact with a spinning PTO knuckle may influence the 
probability of that material becoming entangled. 
Three lengths of materials were used, resulting in material extending below the 
midline of the PTO knuckle three, four and a half, and six inches. Future research 
should analyze materials extending at different lengths below the midline of the PTO 
knuckle. This future direction may help to determine a maximum length and 
minimum length of material that can extend below the midline of the PTO knuckle 
and result in that material becoming entangled in the knuckle. 
During data collection, it was seen that as the angle of material introduction increased 
further away from the positive or negative ninety-degree line, the knuckle acted 
somewhat akin to a fan, and the resulting air movement from the cardan joints 
influenced the material as it was traveling its path towards the PTO knuckle. This air 
movement interaction between the knuckle and the material may be substantial, and 
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may account, to a certain degree, for the low number of entanglements for light 
materials (cotton thread) at angles far away from ninety degrees. Future research 
may want to employ a method of encasing the experimental apparatus in a vacuum 
chamber, to negate all influence of air movement. 
This research study employed only three types of materials. These material types 
were analyzed as a categorical variable, making simply a differentiation between 
them, not making any quantification of those materials in terms of stiffness, tensor 
strength, shear strength, or any other physical property. Future research should find a 
method of quantifying different material types, and use different materials in future 
studies in this field. A simple differentiation of material based on type is not as 
meaningful to the future all-encompassing model of material entanglements in PTO 
knuckles as is a quantification of different materials, which may give indication of 
which types of materials (fiber types —natural versus synthetics, fiber thickness, fiber 
physical properties) are more likely to entangle in PTO knuckles. 
While this research introduced materials to an unguarded PTO knuckle, future 
research should introduce materials to PTOs guarded by both tunnel shields (which 
enclose the sides and top of the shaft, leaving the bottom of the shaft unguarded), as 
well as tube shields (which encase the entire shaft, rotate with the shaft while it is in 
rotational motion, and are designed to stop their rotation upon being contacted by 
another object). Introducing materials to these types of shielded PTOs would 
facilitate an understanding of how effective these shielding methods are in preventing 
PTO entanglements. 
Directions ,for Experimental Apparatus Changes 
The following are recommendations for changes to the experimental apparatus used in this 
research study: 
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The indexing plate employed as a method of setting an angle of introduction was 
constructed of medium density fiberboard, and was locked in position via three bolts. 
Future research studies should employ an indexing plate constructed of a more rigid. 
material, namely aluminum plate, or mild steel plate, and should employ a method of 
varying the angle through a range of values, as opposed to locking the angle at 
specific values. 
The material introduction assembly, consisting of the lead screw apparatus, electric 
motor, and material introduction block, should be reused, as its construction was 
done to a high precision, however, a method should be employed to vary the speed at 
which the material travels along the material introduction block, thereby increasing 
or decreasing the time the material is in contact with the spinning PTO knuckle. 
In order to allow materials extending further than six inches below the midline of the 
PTO knuckle, the entire motor-knuckle assembly frame needs to be redesigned so 
that the assembly may be raised or lowed to a level future researchers deem 
necessary for their data collection. 
The cardan end of the assembly needs to be redesigned to allow for variation of the 
angular phase of the knuckle joint, allowing a future researcher to undertake the 
angular phase of the knuckle joint as a potential factor influencing probability of 
material entanglement. 
82 
REFERENCES 
American Society of Agricultural Engineers (1993). Agricultural tractor test code (OECD) SAE 
J2708. St. Joseph, Michigan 
American Society of Agricultural Engineers (1998). Operating requirements for tractors and power 
take-o, ff driven implements. ASAE 5207.12. St. Joseph, Michigan 
American Society of Agricultural Engineers (1998). Power take-off definitions and terminology, for 
agricultural tractors. ASAE 5205.2). St. Joseph, Michigan 
American Society of Agricultural Engineers (1999). Agricultural tractor auxiliary power take-o, f, j`' 
drives. No. S333.2. St. Joseph, Michigan 
American Society of Agricultural Engineers (2000). Implement power take-off driveline 
specifications. ANSI/ASAE 5331.5. St~ Joseph, Michigan 
American Society of Agricultural Engineers (2002). Safety for agricultural field equipment. 
ANSI/ASAE S318.75. St. Joseph, Michigan 
American Society of Agricultural Engineers (2003). Front and rear power take-off for agricultural 
tractors. SAE S203.13. St. Joseph, Michigan 
Barenklau, K. (2001). Agricultural safety. Boca Raton, Florida: Lewis Publishers. 
Blockley, D. (1992). Engineering safety. Berkshire, England: McGraw-Hill Book Company Europe. 
Brown, T. (1946). Pooling resources for greater farm safety. Farm safety review. Chicago, Illinios: 
National Safety Council. 
Buchele, W. F. (1974). Economic impact and technical feasibility of guarding agricultural machines. 
Ames, Iowa: Iowa State University, Department of Agricultural Engineering. 
Buchele, W.F. (1993). Agricultural safety, design first, then educate! American Society of 
Agricultural Engineers, St. Joseph, Michigan. Paper No. 93-8001. 
Burke, J. (1981). National safety council PTO publications. Chicago, Illinois: National Safety 
Council. 
Campbell, W. P. (1987). The condition of agricultural driveline system shielding and its impact on 
injuries and fatalities. M.S. thesis, Purdue University, West Lafayette, Indiana. 
Deere &Company. (1983). FMO fundamentals of machine operation: agricultural safety. ,Illinois: 
Author. 
Duncan, J. R. (1991). Human factors concepts: an overview. St. Joseph, Michigan: American Society 
of Agricultural Engineers. 
83 
Field, W. E. (1999). Responding to incidents and emergencies in agricultural settings. Farm Rescue, 
NRAES-10. 
Gertman, D. I. , &Blackman, H. S. (1994). Human reliability and safety analysis data handbook. 
New York, New York: John Wiley &Sons, Inc. 
Heinrich, HW. 1959. Industrial Accident Prevention: A Scientific Approach. New York: McGraw-
Hill Book Company. 
Howard, J.A. (1965). Transmission of power by power take-off: National College of Agricultural 
Engineering. Silsoe, England. 
International Labor Office. (1969). Guide to safety in agriculture. Geneva, Switzerland. 
Krutz, G. ,Thompson, L. ,and Claar, P. (1984). Design of agricultural machinery. New York, New 
York: John Wiley &Sons. 
McElfresh, E.C., and Bryan, R.S. (1973). Power take of,J`~injuries. Journal of trauma. Vol. 13, No. 9. 
pP 775-782. 
Mertler, C.A., Vannatta, R.A. (2002). Advanced and multivariate statistical methods. Los Angeles, 
California: Pryczak Publishing. 
Morrell, T.H. (1980). The development of agricultural equipment power take-off mechanism. A 
historical perspective offkrm machinery. Society of Automotive Engineers. Warrendale, PA. 
pp. 49-60. 
Murphy, D. J. (1992). Safety and health for production agriculture. St. Joseph, Michigan: American 
Society of Agriculture Engineers. 
Murphy, D. J. (2003). Looking beneath the surface of agricultural safety and health. St. Joseph, 
Michigan: American Society of Agricultural Engineers. 
National Safety Council. (1982). Farm/ranch standardized incident survey report. Chicago, Illinois. 
NIOSH (1994). Preventing scalping and other severe injuries form farm machinery. Publication No. 
94-105. 
Pampel, F.C. (2000). Logistic regression: a primer. Sage Quantitative Applications in the Social 
Sciences. Series #132. Thousand Oaks, CA. Sage Publications. 
Sell, W.E. (1984). The nature ofpower take-off accidents. M.S. Thesis, Purdue University, West 
Lafayette, Indiana. 
Smith, H.P. (1955). Farm machinery and equipment. Fifth edition. McGraw-Hill Book Co. New 
York, New York. 
Swanson, J.A. (1987). Accidental farm injuries in children. American journal of disease of children. 
Vol. 141. pp. 1276-1279. 
84 
Wardle, N.J. (1971). Agricultural tractor design and safe operation. Agricultural tractor safety on 
public roads and farms. U.S. Department of Transportation. Washington, D.C. Government 
Printing Office. 
Wilkinson, T.L. and Field, W.E. 1989. The effect of exposure to power take-off drivelines on operator 
behavior, American Society of Agricultural Engineers. St. Joseph, Michigan. Paper No. 89-
1113. 
Wilkinson, T.L. and Field, W.E. 1988. Summary of accidents with power take-off driven augers and 
elevators. American Society of Agricultural Engineers. St. Joseph, Michigan. Paper No. 88-
5519 
Wilkinson, T.L. (1991). Power take off entanglement risk factor analysis for grain augers. 
Department of agricultural engineering. PhD dissertation, Purdue University, West Lafayette, 
Indiana. 
Zink, W.L. (1930). Standardization of the power take-of,Jfor farm tractors. Agricultural Engineering. 
85 
APPENDIX A — RA.W DATA TABLE 
Material 
Type 
Length 
below 
midline 
Angle 
-90° -75° -60° -45° 45° 60° 75° 90° 
Cotton 
thread 
Length 
3" 
~+"'~+++' 
~ 
~+'~~ti~ 
~ 
v++~ 
4s 
►~~ 
95 
~S 
~ 
~s 
~6 
vwr► 
4~ 
i►wuu 
~ 
Length 
4.5" 
s~"~`~'~ 
~D 
"''s.~r' 
~ 
uir-i' 
~ 
~"~ 
~b 
' 
~ 
ii 
~ 
~usiiii 
4s 
t~r'i'i 
f6 
Length 
6" 
a~'~"'~ tHr~w' 
~ ~ 
ts~rii~i 
43 
u~ri/ 
~ 
i~ 
l~ 
~~~ 
~ 
mid 
~ 
~rurr 
~ . 
-90° -75° -60° -45° 45° 60° 75° 90° 
Cotton 
lace 
Length 
3" 
~ 
S~ 
~ 
S~ 
~ 
~ 
95
4~ 
S~ 
4~ 
S~ 
S~ 
~ 
f~ 
S~ 
9s 
Length 
4.5" 
/ 
~ 
~ S~ QS ~ ~5 ¢5 ~ 
6 ength 3 ~ 9~ ~ S~ ~ ~ ~ QS ~ OS ~ ~5 ~ i~ ~ . 
-90° -75° -60° -45° 45° 60° 75° 90° 
Leather 
Lace 
3 ength ~ ~ t~5 ~ ¢S ~ ~ 45 ~ QS ~ 9' ~ ~f ~ 
Length 
4.5" 
~ 
~ 
a5 
j  ~ 
g5 
~ 
~ 
¢s 
~ 
QS 
¢S 
Qf 
~ 
1~S ~ l~ 
Length 
6„
/ 
~ 
¢S 
~ 
~ 
~ 
c~ 
9~ 
~ 
~ 
~ 
~ 
pS 
~ S~ 
Entanglement on left side o 
knuckle 
Entanglement on 
right side of knuckle 
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APPENDIX B - SPSS v. 12.0 DATA SET 
*Note -any entanglements observed at a particular permutation are coded towards the top of 
the row containing that permutation* 
Angle Length Material Introduction Speed -: RP11~I `.Distance Across -Knuckle _ Eritan~le, 
-90 3 1 3.750 538 3.000 1 
-90 3 1 3.750 538 3.000 1 
-90 3 1 3.750 538 . 3.000 1 
-90 3 1 3.750 538 3.000 1 
-90 3 1 3.750 538 3.000 1 
-90 3 1 3.750 538 3.000 1 
-90 3 1 3.750 538 3.000 1 
-90 3 1 3.750 538 3.000 1 
-90 3 1 3.750 538 3.000 1 
-90 3 1 3.750 538 3.000 1 
-45 3 1 3.750 541 4.243 1 
-45 3 1 3.750 
~ 
541 4.243 
i 
1 
-45 3 1 3.750 541 4.243 1 
-45 3 1 3.750 541 4.243 0 
-45 3 1 3.750 541 4.243 0 
-45 3 1 3.750 541 4.243 0 
-45 3 1 3.750 541 4.243 0 
-45 3 1 3.750 541 4.243 0 
-45 3 1 3.750 541 4.243 0 
-45 3 1 3.750 541 4.243 0 
-60 3 1 3.750 540 3.464 1 
-60 3 1 3.750 540 3.464 1 
-60 3 1 3.750 540 3.464 1 
-60 3 1 3.750 540 3.464 1 
-60 3 1 3.750 540 3.464 1 
-60 3 1 3.750 540 3.464 
_ 
0 
-60 3 1 3.750 540 3.464 0 
-60 3 1 3.750 540 3.464 0 
-60 3 1 3.750 540 3.464 0 
-60 3 1 3.750 540 3.464 0 
-75 3 1 3.750 537 3.106 1 
-75 3 1 3.750 537 3.106 1 
-75 3 1 3.750 537 3.106 1 
-75 3 1 3.750 537 3.106 1 
-75 3 1 3.750 537 3.106 1 
-75 3 1 3.750 537 3.106 1 
-75 3 1 3.750 537 3.106 1 
-75 3 1 3.750 537 3.106 1 
-75 3 1 3.750 537 3.106 1 
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-75 3 1 3.750 537 3.106 0 
75 3 1 3.750 542 3.106 1 
75 3 1 3.750 542 3.106 1 
75 3 1 3.750 542 3.106 1 
75 3 1 3.750 542 3.106 1 
75 3 1 3.750 542 3.106 1 
75 3 1 3.750 542 3.106 1 
75 3 1 3.750 542 3.106 I 1 
75 3 1 3.750 542 3.106 1 
75 3 1 3.750 542 . 3.106 0 
75 3 1 3.750 542 r 3.106 0 
60 3 1 3.750 542 3.464 0 
60 3 1 3.750 542 3.464 0 
60 3 1 3.750 542 3.464 0 
60 3 1 3.750 542 3.464 0 
60 3 1 3.750 542 3.464 0 
60 3 1 3.750 ~ 542 3.464 0 
60 3 1 3.750 ~ 542 3.464 0 
60 3 1 3.750 542 3.464 0 
60 3 1 3.750 542 3.464 0 
60 3 1 3.750 542 3.464 0 
45 3 1 3.750 540 4.243 0 
45 3 1 3.750 _ 540 4.243 0 
45 3 1 3.750 540 4.243 0 
45 3 1 3.750 _ 540 4.243 0 
45 3 1 3.750 540 4.243 0 
45 3 1 3.750 540 4.243 0 
45 3 1 3.750 540 4.243 0 
45 3 1 3.750 540 4.243 0 
45 3 1 3.750 540 4.243 0 
45 3 1 3.750 540 4.243 0 
90 3 1 3.750 539 3.000 1 
90 3 1 3.750 539 3.000 1 
90 3 1 3.750 539 3.000 1 
90 3 1 3.750 539 3.000 1 
90 3 1 3.750 539 3.000 1 
90 3 1 3.750 539 3.000 1 
90 3 1 3.750 539 3.000 1 
90 3 1 3.750 539 3.000 1 
90 3 1 3.750 539 _ 3.000 1 
90 3 1 3.750 539 3.000 0 
-90 4.5 1 3.750 543 3.000 1 
-90 4.5 1 3.750 543 _ 3.000 1 
-90 4.5 1 3.750 543 3.000 1 
-90 4.5 1 3.750 543 3.000 1 
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-90 4.5 1 3.750 543 3.000 1 
-90 4.5 1 3.750 543 3.000 1 
-90 4.5 i 3.750 543 3.000 1 
-90 4.5 1 3.750 543 3.000 1 
-90 4.5 1 3.750 543 . 3.000 1 
-90 4.5 1 3.750 543 3.000 1 
-45 4.5 1 3.750 540 4.243 1 
-45 4.5 1 3.750 540 4.243 1 
-45 4.5 1 3.750 540 4.243 1 
-45 4.5 1 3.750 540 4.243 1 
-45 4.5 1 3.750 540 .4.243 i 
-45 4.5 1 3.750 540 4.243 0 
-45 4.5 1 3.750 540 4.243 0 
-45 4.5 1 3.750 540 4.243 0 
-45 4.5 1 3.750 540 4.243 0 
-45 4.5 1 3.750 540 4.243 0 
-60 4.5 1 3.750 538 3.464 1 
-60 4.5 
_ 
1 3.750 ~ 538 3.464. 1 
-60 4.5 1 3.750 538 3.464 1 
-60 4.5 1 3.750 ~ 538 3.464 1 
-60 4.5 1 3.750 538 3.464 1 
-60 4.5 1 3.750 538 3.464 1 
-60 4.5 1 3.750 538 3.464 1 
-60 4.5 1 3.750 538 3.464 0 
-60 4.5 1 3.750 538 3.464 0 
-60 4.5 1 3.750 538 3.464 0 
-75 4.5 1 3.750 538 3.106 1 
-75 4.5 1 
_ 
3.750 53 8 3.106 1 
-75 4.5 1 3.750 538 3.106 1 
-75 4.5 1 3.750 538 3.106 1 
-75 4.5 1 3.750 538 3.106 1 
-75 4.5 1 3.750 538 3.106 1 
-75 4.5 1 3.750 538 3.106 1 
-75 4.5 1 3.750 538 3.106 1 
-75 4.5 1 3.750 538 3.106 1 
-75 4.5 1 3.750 538 3.106 1 
75 4.5 1 
_ 
3.750 542 3.106 1 
75 4.5 1 3.750 542 3.106 1 
75 4.5 1 3.750 542 3.106 1 
75 4.5 1 3.750 542 3.106 1 
75 4.5 1 3.750 542 3.106 1 
75 4.5 1 ~ 3.750 542 3.106 1 
75 4.5 1 3.750 542 3.106 1 
75 4.5 1 3.750 542 3.106 1 
75 4.5 1 3.750 542 _ 3.106 1 
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75 4.5 1 3.750 542 _ 3.106 0 
60 4.5 1 3.750 540 3.464 1 
60 4.5 1 3.750 540 3.464 1 
60 4.5 1 3.750 540 3.464 0 
60 4.5 1 3.750 540 3.464 0 
60 4.5 1 3.750 540 3.464 0 
60 4.5 1 3.750 540 3.464 0 
60 4.5 1 3.750 540 _ 3.464 I 0 
60 4.5 1 3.750 540 3.464 0 
60 4.5 1 3.750 540 3.464 0 
60 4.5 1 3.750 540 3.464 0 , 
45 4.5 1 3.750 540 4.243 1 
45 4.5 1 3.750 540 4.243 0 
45 4.5 1 3.750 540 4.243 0 
45 4.5 1 3.750 540 4.243 0 
45 4.5 1 3.750 J 540 4.243 0 
45 4.5 1 3.750 _ 540 4.243 0 
45 4.5 l 3.750 540 4.243 0 
45 4.5 1 3.750 540 4.243 0 
45 4.5 1 3.750 540 4.243 0 
45 4.5 1 3.750 _ 540 4.243 0 
90 4.5 1 3.750 536 3.000 1 
90 4.5 1 3.750 536 3.000 1 
90 4.5 1 3.750 536 3.000 1 
90 4.5 1 3.750 536 _ 3.000 1 
90 4.5 1 3.750 536 3.000 1 
g0 4.5 1 3.750 536 3.000 1 
90 4.5 1 3.750 536 3.000 1 
90 4.5 1 3.750 536 3.000 1 
90 4.5 1 3.750 
r
_ 536 3.000 1 
90 4.5 1 3.750 _ 536 3.000 0 
-90 6 1 3.7.50 539 3.000 1 
-90 6 1 3.750 539 3.000 1 
-90 6 1 3.750 539 3.000 1 
-90 6 1 3.750 539 3.000 1 
-90 6 1 3.750 539 3.000 1 
-90 6 1 3.750 539 -3.000 1 
-90 6 1 3.750 _ 539 3.000 1 
-90 6 1 3.750 539 _ 3.000 1 
-90 6 1 3.750 539 3.000 1 
-90 6 1 3.750 539 3.000 1 
-45 6 1 3.750 539 4.243 1 
-45 6 1 3.750 539 4.243 1 
-45 6 1 3.750 539 4.243 1 
-45 6 1 3.750 . _ 539 4.243 1 
90 
-45 6 1 3.750 539 4.243 1 
-45 6 1 3.750 539 4.243 1-
-45 6 1 3.750 539 4.243 1 
-45 6 1 3.750 _ 539 4.243 0 
-45 6 1 3.750 539. i  4.243 0 
-45 6 1 3.750 539 4.243 0 
-60 6 1 3.750 539 3.464 1 
-60 6 1 3.750 539 3.464 1 
-60 6 1 3.750 539 3.464 1 
-60 6 1 3.750 539 3.464- 1 
-60 6 1 3.750 . 539 3.464 1 
-60 6 1 3.750 539 3.464 1 
-60 6 1 3.750 539 3.464 1 
-60 6 1 3.750 539 3.464 1 
-60 6 1 3.750 539 3.464 1 
-60 6 1 3.750 539 3.464 0 
-75 6 1 3.750 543 3.106 1 
-75 6 1 3.750 543 3.106. 1 
-75 6 1 3.750 543 3.106 1 
-75 ~ 6 1 3.750 543 3.106 1 
-75 6 1 3.750 543 3.106 1 
-75 6 1 3.750 543 3.106 1 
-75 6 1 3.750 543 3.106 1 
-75 6 1 3.750 543 3.106 1 
-75 6 1 3.750 543 3.106 1 
-75 6 1 3.750 543 3.106 1 
75 6 1 3.750 543 3.106 1 
75 6 1 3.750 543 ~ 3.106 1 
75 6 1 3.750 543 3.106 1 
75 6 1 3.750 _ 543 3.106 1 
75 6 1 3.750 543 3.106 1 
75 6 1 3.750 543 3.106 1 
75 6 1 3.750 543 3.106 1 
75 6 1 3.750 543 3.106 1 
75 6 1 3.750 543 3.106 1 
75 6 1 3.750 543 3.106 0 
60 6 1 3.750 541 3.464 1 
60 6 1 3.750 541 3.464 1 
60 6 1 3.750 541 3.464 1 
60 6 1 3.750 541 3.464 0 
60 6 1 3.750 541 3.464 0 
60 6 1 3.750 541 3.464 0 
60 6 1 3.750 -541 3.464 0 
60 6 1 3.750 541 3.464 0 
60 6 1 3.750 541 3.464 0 
91 
60 6 1 3.750 541 3.464 0 
45 6 1 3.750 541 4.243 1 
45 6 1 3.750 541 4.243 1 
45 6 1 3.750 541 4.243 0 
45 6 1 3.750 541 4.243 0 
45 6 1 3.750 541 4.243 0 
45 6 1 3.750 541 4.243 0 
45 6 1 3.750 541 4.243 ~ 0 
45 6 1 3.750 541 4.243 0 
45 6 1 3.750 541 4..243 0 
45 6 1 3.750 541 4.243 0 
90 6 1 3.750 540 3.000 1 
90 6 1 3.750 540 3.000 1 
90 6 1 3.750 540 3.000 1 
90 6 1 3.750 540 3.000 1 
90 6 1 3.750 540 3.000 1 
90 6 1 3.750 540 3.000 1 
90 6 1 3.750 540 3.000 1 
90 6 1 3.750 540 3.000 1 
90 6 1 3.750 540 3.000 1 
90 6 1 3.750 540 3.000 1 
-90 3 2 3.750 537 3.000 0 
-90 3 2 3.750 537 3.000 0 
-90 3 2 3.750 537 3.000 0 
-90 3 2 3.750 537 3.000 0 
-90 3 2 3.750 537 3.000 0 
-90 3 2 3.750 537 3.000 0 
-90 3 2 3.750 537 3.000 0 
-90 3 2 3.750 537 3.000 0 
-90 3 2 3.750 537 3.000 0 
-90 3 2 3.750 537 3.000 0 
-45 3 2 3.750 542 4.243 0 
-45 3 2 3.750 542 
r 
4.243 0 
-45 3 2 3.750 542 4.243 0 
-45 3 2 3.750 542 4.243 0 
-45 3 2 3.750 542 4.243 0 
-45 3 2 3.750 542 4.243 0 
-45 3 2 3.750 542 4.243 0 
-45 3 2 3.750 
f 
542 4.243 0 
-45 3 
i 
2 3.750 542 4.243 0 
-45 3 2 3.750 542 4.243 0 
-60 3 2 3.750 542 3.464 0 
-60 3 2 3.750 542 3.464 0 
-60 3 2 3.750 542 ~ 3.464 0 
-60 3 2 3.750 542 3.464 0 
92 
-60 3 2 3.750 542 3.464 .0 
_60 3 2 3.750 542 3.464. 0 
-60 3 2 3.750 542 3.464 0 
_ 60 3 2 3.750 542 3.464 0 
_6p 3 2 3.750 542 3.464 0 
_6p ~ 3 2 3.750 542 3.464 0 
_7 5 3 2 3.750 540 3.106 0 
-75 3 2 3.750 540 3.106 0 
-75 3 2 3.750 540 3.106 0 
_75 3 2 3.750 _ 540 3.106 0 
_75 3 2 3.750 540 3.106 0 
-75 3 2 3.750 540 _ 3.106 0 , 
-75 3 2 3.750 540 3.106 0 , 
_75 3 2 3.750 540 _ 3.106 0 
_ 75 3 2 3.750 540 . 3.106 0 
-75 3 2 3.750 540 3.106 0 
75 3 2 3.750 539 3.106 0 
75 3 2 3.750 539 3.106 0 
75 3 2 3.750 539 3.106 0 
75 3 2 3.750 539 3.106 0 
75 3 2 3.750 539 3.106 0 
75 3 2 3.750 539 3.106 0 
75 3 2 3.750 539 3.106 0 
75 3 2 3.750 539 3.106 0 
75 3 2 3.750 539 3.106 ~ 
75 3 2 3.750 539 3.106 0 
60 3 2 3.750 542 3.464 0 
60 3 2 3.750 542 3.464 0 
60 3 2 3.750 542 3.464 0 
60 3 2 3.750 542 3.464 0 
60 3 2 3.750 542 3.464 0 
60 3 2 3.750 542 3.464 0 
60 3 2 3.750 542 3.464 0 
60 3 2 3.750 542 . 3.464 0 
60 3 2 3.750 542 3.464 0 
60 3 2 3.750 542 3.464 0 
45 3 2 3.750 542 4.243 0 
45 3 2 3.750 542 4.243 0 
45 3 2 3.750 542 4.243 0 
45 3 2 3.750 542 4.243 0 
45 3 2 3.750 542 4.243 0 
45 3 2 3.750 542 4.243 0 
45 3 2 3.750 542 4.243 0 
45 3 2 3.750 542 4.243 0 
45 3 2 3.750 542 _ 4.243 0 
93 
45 3 2 3.750 542 4.243 0 
90 3 2 3.750 540 3.000 0 
90 3 2 3.750 540 3.000 0 
90 3 2 3.750 540 3.000 0 
90 3 2 3.750 540 3.000 0 
90 3 2 3.750 540 3.000 0 
90 3 
_ 
2 3.750 _ 540 3.000 0 
90 3 2 3.750 540 ~ 3.000 I 0 
90 3 2 3.750 540 3.000 0 
90 3 2 3.750 540 3.000 0 
90 3 2 3.750 540 3.000 0 
-90 
_ 
4.5 2 3.750 
1
539 3.000 1 
-90 4.5 2 3.750 539 3.000 0 
-90 
_ 
4.5 2 3.750 _ 539 3.000 0 
-90 4.5 2 3.750 ~ 539 3.000 0 
-90 4.5 2 3.750 539 3.000 0 
-90 4.5 2 3.750 539 3.000 0 
-90 4.5 2 3.750 539 3.000 0 
-90 4.5 2 3.750 539 _ 3.000 0 
-90 4.5 2 3.750 539 3.000 0 
-90 4.5 2 3.750 539 3.000 0 
-45 4.5 2 3.750 _ 538 4.243 0 
-45 4.5 2 3.750 538 _ 4.243 0 
-45 4.5 2 3.750 538 _ 4.243 0 
-45 4.5 2 3.750 _ 538 4.243 0 
-45 4.5 2 3.750 538 4.243 0 
-45 4.5 2 3.750 538 _ 4.243 0 
-45 4.5 2 3.750 538 4.243 0 
-45 4.5 2 3.750 538 4.243 0 
-45 4.5 
_ 
2 3.750 _ 538 4.243 0 
-45 4.5 2 3.750 538 _ 4.243 0 
-60 4.5 2 3.750 _ 541 3.464 0 
-60 4.5 2 3.750 ~ 541 3.464 0 
-60 4.5 2 3.750 541 3.464 0 
-60 4.5 2 3.750 541 _ 3.464 0 
-60 4.5 2 3.750 541 3.464 0 
-60 4.5 2 3.750 541 3.464 0 
-60 4.5 2 3.750 541 ~ 3.464 0 
-60 4.5 2 3.750 541 3.464 0 
-60 4.5 2 3.750 541 ~ 3.464 0 
-60 4.5 2 3.750 541 3.464 0 
-75 4.5 2 3.750 540 . 3.106 0 
-75 4.5 2 3.750 540 3.106 0 
-75 4.5 2 3.750 540 3.106 0 
-75 4.5 2 
_ 
3.750 540 3.106 0 
94 
-75 4.5 2 3.750 540 3.106 0 
-75 4.5 2 3.750 540 3.106 0 
-75 4.5 2 3.750 540 3.106 0 
-75 
_ 
4.5 2 3.750 540 3.106 0 
_75 4,5 2 3.750 540 3.106 0 
-75 4.5 2 3.750 540 3.106 0 
75 4.5 2 3.750 537 3.106 0 
75 4.5 2 3.750 537 3.106 0 
75 4.5 2 3.750 537 3.106 0 
75 4.5 2 3.750 537 3.106 - 0 
75 4.5 2 3.750 . 537 3.106 0 
75 4.5 
_ 
2 3.750 537 3.106 0 
75 4.5 2 3.750 537 3.106 0 
75 4.5 2 3.750 537 3.106 0 
75 4.5 2 3.750 537 3.106 0 
75 4.5 2 3.750 537 3.106 0 
60 4.5 2 3.750 542 3.464 0 
60 4.5 2 3.750 ~ 542 3.464. 0 
60 4.5 2 3.750 542 3.464 0 
60 4.5 2 3.750 542 3.464 0 
60 4.5 2 3.750 542 3.464 0 
60 4.5 2 3.750 542 3.464 0 
60 4.5 2 3.750 542 3.464 0 
60 4.5 2 3.750 542 3.464 0 
60 4.5 2 3.750 542 _ 3.464 0 
60 4.5 2 3.750 542 3.464 0 
45 4.5 2 3.750 . 542 4.243 0 
45 4.5 2 3.750 542 4.243 0 
45 4.5 2 3.750 542 4.243 0 
45 4.5 2 3.750 ~ 542 4.243 0 
45 4.5 2 3.750 542 4.243 0 
45 4.5 2 3.750 542 4.243 0 
45 4.5 2 3.750 542 4.243 0 
45 4.5 2 3.750 542 4.243 0 
45 4.5 2 3.750 542 4.243 0 
45 4.5 2 3.750 542 4.243 0 
90 4.5 2 3.750 540 3.000 0 
90 4.5 2 3.750 540 3.000 0 
90 4.5 2 3.750 540 3.000 0 
90 4.5 2 3.750 540 3.000 0 
90 4.5 2 3.750 540 _ 3.000 0 
90 4.5 2 3.750 540 3.000 0 
90 4.5 2 3.750 540 3.000 0 
90 4.5 2 3.750 540 3.000 0 
90 4.5 2 3.750 _ 540 _ 3.000 _ 0 
95 
90 4.5 2 3.750 540 . 3.000 0 
_90 6 2 3.750 539 3.000 1 
_90 6 2 3.750 539 3.000 1 
_90 6 2 3.750 539 _ 3.000 1 
-90 6 2 3.750 
_ 
539 3.000 0 
-90 6 
_ 
2 3.750 539 3.000 0 
-90 6 2 3.750 539 3.000 0 
-90 6 2 3.750. 539 3.000 I 0 
-90 6 2 3.750 539 3.000 0 
-90 6 
_ 
2 3.750 539 3.000 0 
-90 6 2 3.750 539 3.000 0 
-45 6 2 3.750 543 4.243 0 
_45 6 2 3.750 543 4.243 ~ 0 
_45 6 2 3.750 543 4.243 0 
-45 6 2 3.750 543 4.243 0 
_45 6 2 3.750 543 4.243 0 
-45 6 2 
_ 
3.750 543 4.243 0 
-45 6 2 3.750 543 4.243 0 
-45 6 ~ 2 3.750 543 4.243 0 
-45 6 2 3.750 543 -4.243 0 
-45 6 2 
_ 
3.750 543 4.243 0 
-60 6 2 3.750 538 3.464 0 
-60 6 2 ~ 3.750 538 3.464 0 
-60 6 2 3.750 538 3.464 0 
_60 6 2 3.750 538 3.464 0 
-60 6 2 3.750 538 3.464 0 
-60 6 2 
_ 
3.750 538 3.464 0 
-60 6 2 3.750 538 3.464 0 
-60 6 2 
_ 
3.750 538 3.464 0 
-60 6 
_ 
2 3.750 538 3.464 0 
-60 6 2 3.750 538 3.464 0 
_75 6 2 3.750 541 3.106 0 
-75 6 2 3.750 541 3.106 0 
-75 6 2 3.750 541 3.106 0 
-75 6 2 3.750 541 _ 3.106 0 
_75 6 
_ 
2 3.750 541 ~ 3.106 0 
-75 6 2 3.750 541 3.106 0 
_75 6 2 3.750 
_ 
541 3.106 0 
_75 6 2 3.750 541 _ 3.106 0 
_75 
_ 
6 2 3.750 _ 541 3.106 0 
-75 6 2 3.750 541 3.106 0 
75 6 2 3.750 540 3.106 0 
75 6 2 3.750 540 _ 3.106 0 
75 6 2 - 3.750 540 3.106 0 
75 6 2 3.750 540 _ 3.106 _ 0 
96 
75 6 2 3.750 540 3.106 0 
75 6 2 3.750 540 3.106 0 
75 6 2 3.750 540 3.106 0 
75 6 2 3.750 540 3.106 0 
75 6 2 3.750 540 3.106 0 
75 6 2 3.750 540 3.106 0 
60 6 2 3.750 537 r  3.464 0 
60 6 2 3.750 537 3.464 0 
60 6 2 3.750 537 3.464 - 0 
60 6 2 3.750 537 3.464 0 
60 6 2 3.750 537 3.464 0 
60 6 2 3.750 537 3.464 0 
60 6 2 3.750 537 3.464 0 
60 6 2 3.750 537 3.464 0 
60 6 2 3.750 537 3.464 0 
60 6 2 3.750 537 3.464 0 
45 6 2 3.750 542 4.243 0 
45 6 2 3.750 542 4.243 0 
45 6 2 3.750 542 4.243 0 
45 6 2 3.750 542 4.243 0 
45 6 2 3.750 542 4.243 0 
45 6 2 3.750 542 4.243 0 
45 6 2 3.750 542 4.243 0 
45 6 2 3.750 . 542 4.243 0 
45 6 2 3.750 542 4.243 0 
45 6 2 3.750 542 4.243 0 
90 6 2 3.750 _ 542 3.000 1 
90 6 2 3.750 542 3.000 1 
90 6 2 
_ 
3.750 542 3.000 0 
90 6 2 3.750 542 3.000 0 
90 6 2 3.750 542 3.000 0 
90 6 2 3.750 542 3.000 0 
90 6 2 3.750 542 3.000 0 
90 6 2 3.750 542 .3.000 0 
90 6 2 3.750 542 3.000 0 
90 6 2 3.750 542 3.000 0 
-90 3 3 3.750 540 3.000 0 
-90 3 3 3.750 540 3.000 0 
-90 3 3 3.750 540 3.000 0 
-90 3 3 3.750 540 3.000 0 
-90 3 3 3.750 540 3.000 0 
-90 3 3 3.750 _ 540 3.000 0 
-90 3 3 3.750 540 3.000 0 
-90 3 3 3.750 540 3.000 . 0-
-90 3 3 3.750 540 3.000 0 
97 
-90 3 3 3.750 540 3.000 0 
-45 3 3 3.750 539 4.243 0 
-45 3 3 3.750 539 4.243 0 
-45 3 3 3.750 539 4.243 0 
-45 3 3 3.750 539 4.243 0 
-45 3 
_ 
3 ~ 3.750 539 4.243 0 
-45 3 
_ 
3 3.750 539 4.243 0 
-45 3 3 3.750 539 _ 4.243 I 0 
-45 3 3 3.750 539 4.243 0 
-45 
_ 
3 3 3.750 539 _ 4.243 0 
-45 3 3 3.750 
~ 
539 4.243 0 
-60 3 3 3.750 543 3.464 0 
-60 3 3 3.750 543 _ 3.464 0 
-60 3 3 3.750 543 3.464 0 
-60 3 3 3.750 543 3.464 0 
-60 3 3 3.750 543 3.464 0 
-60 3 3 3.750 543 3.464 0 
-60 3 3 3.750 543 3.464 0 
-60 3 3 3.750 543 3.464 0 
-60 3 3 3.750 543 3.464 . . 0 
-60 3 3 3.750 543 3.464 0 
-75 3 3 3.750 
~ 
543 3.106 0 
-75 3 3 3.750 543- 3.106 0 
-75 3 3 3.750 543 3.106 0 
-75 3 3 3.750 543 3.106 0 
-75 3 3 3.750 543 3.106 0 
-75 3 3 3.750 543 3.106 0 
-75 3 3 3.750 543 3.106 0 
-75 3 3 3.750 543 3.106 0 
-75 3 3 3.750 543 3.106 0 
-75 ~ 3 3 3.750 543 3.106 0 
75 3 3 3.750 543 3.106 0 
75 3 3 3.750 543 3.106 0 
75 3 3 3.750 5.43 3.106 0 
75 3 3 3.750 543 3.106 0 
75 3 3 3.750 543 3.106 0 
75 3 3 3.750 543 3.106 0 
75 3 3 3.750. 543 3.106 0 
75 3 3 3.750 543 3.106 0 
75 3 3 3.750 543 3.106 0 
75 3 3 3.750 541 3.106 0 
60 3 3 3.750 541 3.464 0 
60 3 3 3.750 541 3.464 0 
60 3 3 3.750 541 3.464 0 
60 3 3 3.750 541 3.464 0 
98 
60 3 3 3.750 541 3.464 0 
60 ~ 3 3 3.750 541 3.464 0 
60 3 3 3.750 541 3.464 0 
60 3 3 3.750 541 3.464 0 
60 3 3 3.750 541 3.464 0 
60 3 3 3.750 541 3.464 0 
45 3 3 3.750 541 4.243 0 
45 3 3 3.750 ~ 541 4.243 0 
45 3 3 3.750 541 4.243 0 
45 3 3 3.750 541 4.243 0 
45 3 3 3.750 541 4.243 0 
45 3 3 3.750 541 4.243 0 
45 3 3 3.750 541 4.243 0 
45 3 3 3.750 541 4.243 0 
45 3 3 3.750 541 4.243 0 
45 3 3 3.750 540 4.243 0 
90 3 3 3.750 540 ~ 3.000 0 
90 3 3 3.750 540 3.000 0 
90 3 3 3.750 540 3.000 0 
90 3 3 3.750 540 _ 3.000 0 
90 3 3 3.750 540 3.000 0 
90 3 3 3.750 540 3.000 0 
90 3 3 3.750 540 3.000 0 
90 3 3 3.750 540 3.000 0 
90 3 3 3.750 540 3.000 0 
90 3 3 3.750 537 3.000 0 
-90 4.5 3 3.750 537 3.000 0 
-90 4.5 3 3.750 537 3.000 0 
-90 4.5 3 3.750 537 3.000 0 , 
-90 4.5 3 3.750 537 3.000 0 
-90 4.5 3 3.750 537 3.000 0 
-90 4.5 3 3.750 537 3.000 0 
-90 4.5 3 3.750 537 3.000 0 
-90 4.5 3 3.750 537 3.000 0 
-90 4.5 3 3.750 537 3.000 0 
-90 .4.5 3 3.750 542 3.000 0 
-45 4.5 3 3.750 542 _ 4.243 0 
-45 4.5 3 3.750 542 4.243 0 
-45 4.5 3 3.750 542 4.243 0 
-45 4.5 3 3.750 542 4.243 0 
-45 4.5 3 3.750 542 _ 4.243 0 
-45 4.5 3 3.750 542 4.243 0 
-45 4.5 3 3.750 542 _ 4.243 0 
-45 4.5 3 3.750 542 4.243 0 
-45 4.5 3 3.750 _ 542 _ 4.243 0 
99 
-45 4.5 3 3.750 542 4.243 0 
-60 4.5 3 3.750 542 3.464 0 
-60 4.5 3 3.750 542 3.464 0 
-60 4.5 3 3.750 542 3.464 0 
-60 ~ 4.5 3 3.750 542 3.464 0 
-60 4.5 3 3.750 542 3.464 0 
-60 4.5 3 3.750 542 3.464 0 
-60 4.5 3 3.750 542 3.464 I 0 
-60 4.5 3 3.750 542 3.464 0 
-60 4.5 3 3.750 542 3.464 0 
-60 4.5 3 3.750 540 3.464 0 
-75 4.5 3 3.750 540 3.106 0 
-75 4.5 3 3.750 540 3.106 0 
-75 4.5 3 3.750 540 3.106 0 
-75 4.5 3 3.750 540 3.106 0 
-75 4.5 3 
_ 
3.750 540 3.106 0 
-75 4.5 3 3.750 540 3.106 0 
-75 4.5 3 3.750 540 3.106 0 
-75 4.5 3 3.750 540 3.106 0 
-75 4.5 3 3.750 540 3.106 0 
-7$ 4.5 3 3.750 539 3.106 0 
75 4.5 ~ 3 3.750 539 3.106 0 
75 4.5 3 3.750 539 3.106 0 
75 4.5 3 3.750 539 3.106 0 
75 4.5 3 3.750 539 3.106 0 
75 4.5 3 3.750 539 3.106 0 
75 4.5 3 3.750 539 3.106 0 
75 4.5 3 3.750 539 3.106 0 
75 4.5 3 3.750 539 3.106 0 
75 4.5 3 3.750 539 3.106 0 
75 4.5 3 3.750 542 3.106 0 
60 4.5 3 3.750 542 3.464 0 
60 4.5 3 3.750 542 3.464 0 
60 4.5 3 3.750 542 3.464 0 
60 4.5 3 3.750 542 3.464 0 
60 4.5 3 3.750 542 3.464 0 
60 4.5 3 3.750 542 3.464 
0 
0 
0 
0 
0 
0 
0 
0 
0 
60 4.5 3 - 3.750 542 3.464 
60 4.5 3 3.750 542 3.464 
60 4.5 3 3.750 542 3.464 
60 4.5 3 3.750 542 3.464 
45 4.5 3 3.750 542 4.243 
45 4.5 3 3.750 542 4.243 
45 4.5 3 3.750 542 4.243 
45 4.5 3 3.750 542 4.243 
100 
45 4.5 3 3.750 542 4.243 0 
45 4.5 3 3.750 542 4.243 0 
45 4.5 3 3.750 542 4.243 0 
45 4.5 3 3.750 542 4.243 0 
45 4.5 3 3.750 542 4.243 0 
45 4.5 3 3.750 540 4.243 0 
90 4.5 3 3.750 540 3.000 0 
90 4.5 3 3.750 540 3.000 0 
90 4.5 3 3.750 540 3.000 0 
90 4.5 3 3.750 540 3.000 0 
90 4.5 3 3.750 . 540 3.000 0 
90 4.5 3 3.750 540 3.000 0 
90 4.5 3 3.750 540 3.000 0 
90 4.5 
_ 
3 3.750 540 3.000 0 
90 4.5 3 3.750 540 3.000 0 
90 4.5 3 3.750 539 3.000 0 
-90 6 3 3.750 539 3.000 1 
-90 6 3 3.750 539 3.000 0 
-90 6 3 3.750 539 3.000 0 
-90 6 3 3.750 539 3.000 0 
-90 6 3 3.750 539 3.000 0 
-90 6 3 3.750 539 3.000 0 
-90 6 3 3.750 539 3.000 0 
-90 6 3 3.750 539 3.000 0 
-90 6 3 3.750 _ 539 3.000 0 
-90 6 3 3.750 538 _ 3.000 0 
-45 6 3 3.750 538 4.243 0 
-45 6 3 3.750 538 4.243 0 
-45 6 3 3.750 _ 538 4.243 0 
-45 6 3 3.750 538 4.243 0 
-45 6 3 3.750 538 4.243 0 
-45 6 3 3.750 538 4.243 0 
-45 6 3 3.750 538 4.243 0 
-45 6 3 3.750 538 4.243 0 
-45 6 3 3.750 538 4.243 0 
-45 6 3 3.750 540 4.243 0 
-60 6 3 3.750 540 3.464 0 
-60 6 3 3.750 540 _ 3.464 0 
-60 6 3 3.750 540 3.464 0 
-60 6 3 3.750 540 3.464 0 
-60 6 3 3.750 540 3.464 0 
-60 6 3 3.750 540 3.464 0 
-60 6 3 3.750 540 3.464 0 
-60 6 3 3.750 540 3.464 0 
-60 6 3 3.750 540 3.464 0 
101 
-60 6 3 3.750 537 3.464 0 
-75 6 3 3.750 537 3.106 0 
-75 6 3 3.750 537 3.106 0 
-75 6 3 3.750 537 3.106 0 
-75 6 3 3.750 537 3.106 0 
-75 6 3 3.750 537 3.106 0 
-75 6 3 3.750 537 3.106 0 
-75 6 3 3.750 537 3.106. I 0 
-75 6 3 3.750 537 3.106 0 
-75 6 3 3.750 537 3.106 0 
-75 6 3 3.750 542 3.106 0 
75 6 3 3.750 542 3.106 0 
75 6 3 3.750 542 3.106 . 0 
75 6 3 3.750 542 3.106 0 
75 6 3 3.750 542 3.106 0 
75 6 
_ 
3 3.750 542 3.106 0 
75 6 3 3.750 542 3.106 0 
75 6 3 3.750 542 3.106 0 
75 6 3 3.750 542 3.106 0 
75 6 3 3.750 542 3.106 .. 0 
75 6 3 3.750 542 3.106 0 
60 6 3 3.750 542 3.464 0 
60 6 3 3.750 542 3.464 0 
60 6 3 3.750 542 3.464 0 
60 6 3 3.750 542 3.464 0 
60 6 3 3.750 542 3.464 0 
60 6 3 3.750 542 3.464 0 
60 6 3 3.750 542 3.464 0 
60 6 3 3.750 542 3.464 0 
60 6 3 3.750 542 3.464 0 
60 6 3 3.750 540 3.464 0 
45 6 3 3.750 540 4.243 0 
45 6 3 3.750 540 4.243 0 
45 6 3 3.750 540 4.243 0 
45 6 3 3.750 540 4.243 0 
45 6 3 3.750 540 4.243 0 
45 6 3 3.750 540 4.243 0 
45 6 3 3.750 540 4.243 0 
45 6 3 3.750 540 4.243 0 
45 6 3 3.750 540 4.243 0 
45 6 3 3.750 539 4.243 0 
90 6 3 3.750 539 3.000 1 
90 6 3 3.750 539 3.000 0 
90 6 3 3.750 539 3.000 0 
90 6 3 3.750 539 3.000 0 
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90 6 3 3.750 539 3.000 0 
90 6 3 3.750 539 3.000 0 
90 6 3 3.750 539 3.000 0 
90 6 3 3.750 539 3.000 ~ 0 
90 ~ 6 3 3.750 539 3.000 0 
90 6 3 3.750 543 3.000 0 
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APPENDIX C —LOGISTIC REGRESSION FORMULAE 
X Z ~result~ _ (-2LogLikelihood (null)) — (-2Loglikelihood (end )) 
where: 
i 
-2Loglihood(null) is the —2Loglikehood value from the iteration of the model with only the 
constant term 
-2Loglikehood(model) is the —2Loglikehood value from the iteration of the model with all the 
independent variables present in the model 
*The resultant chi-square is a "goodness of fit" index. Smaller values indicate a better fit of the 
model to the data. A perfect model would have achi-square value of 0 
t —value =  ~
S.E. 
where: 
(3 is the value of the coefficient for the variable of interest, reported in the "variables in the 
equation" output of SPSS. 
S.E. is the standard error associated with the variable of interest 
2 
Wald =  
S.E. 
logit(p)=  p  -a+/3X +E 
~1- P~ 
where: 
a is the value of the constant 
~i is the coefficient value of the variable of interest 
x is the numerical value of the variable of interest 
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The form of the logistic regression equation is as follows: 
where: 
a is the value of the constant term 
~1, R2, etc, are the coefficient values of the variables of interest 
X1, X2, etc, are the numerical values of the variables 
The estimated probability of an event occurring (value of 1) is as follows: 
1 
p - (-«+~) l+e 
where: 
e is the base of the natural logarithms (2.71828...) 
-a+(3x is the regression formula above 
The marginal effect of a variable on the regression equation is given by: 
- Nx * p * ~1— P) 
where: 
(3x is the coefficient value of the variable of interest 
p is the probability of a 1 
(1-p) is the probability of a 0 
SP/SX is the partial derivative of p with respect to x 
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